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Abstract 
The field of star formation, young stellar objects, and pre-main sequence stars has benefitted 
from the combined set of wide-field, multi-wavelength photometric surveys over the past two 
decades, namely GalEx (ultraviolet), PanSTARRS (optical), 2MASS (near-infrared) and WISE 
(mid-infrared), plus the recent bounty in astrometry from Gaia.  What is currently lacking is a 
comparable effort in spectroscopy.  This position paper makes the case that major spectroscopic 
investments are needed for definitive progress on a range of longstanding yet current problems in 
the field.  The paper mentions several development-stage projects that could contribute, 
advocating support (NSF and NASA) to enable galactic science cases, including star formation. 
 
Introduction 
Looking outward from our Galaxy, how can we connect extragalactic indicators of star formation 
rates and yields, to a grounding in the comparably well-understood processes of Galactic star 
formation?  Looking locally, how can we connect the demographics of exoplanet populations to 
planet formation in dust- and gas-rich circumstellar disks surrounding recently born young stars?   
A major challenge to studies of star and planet formation in the disk of the Milky Way is the 
substantial extinction, combined with the fact that distances to star forming regions are quantized 
(due to the spiral structure).   Fortunately, the most proximate regions of ongoing and recent star 
formation are situated ~10-20o out of the Galactic Plane.   This has the advantage of reducing 
both the foreground/background confusion, and the extinction (which still can be large to any 
given individual young star, due to the clouds themselves having AV=1-30 mag).  Studies of very 
local recent star formation also suffer a major disadvantage, however, in the large angular areas 
spanned by e.g. the famous Taurus and Orion Molecular Clouds, or the ScoCen region, each of 
which spans many tens of degrees.   For these reasons, our knowledge of the stellar populations 
in even the closest (100-400 pc) most youthful (1-20 Myr old) regions remains incomplete.   
Gaia is of course revolutionizing this area for distances <2 kpc.  But this incredible astrometry 
mission is only the latest revolution, and follows on the enormous gains for the field provided by 
a combination of nearly-all-sky photometric surveys over the past two decades, notably GalEx 
(ultraviolet), PanSTARRS (optical), 2MASS (near-infrared) and WISE (mid-infrared), 
Bringing these new tools to bear on young star studies has substantially improved census 
information.  But we do not yet have the full picture when it comes to nearby young stellar 
populations.   This is spatially-resolved stellar populations work, where detailed parameters are 
obtained for individual stars. Furthermore, we have the ability with young stars to conduct time-
resolved studies, with the time range of interest that associated with pre-main sequence evolution 
and planet formation, and the early evolution, migration, and dynamical rearrangement of 
planetary systems.  These processes span <1-3 to 10’s to 100’s of Myr.   After the stars and 
planets form, their typically unbound stellar nurseries and clusters slowly disperse into the field. 
Optical and near-infrared wavelengths are necessary to access for stellar work across the mass 
spectrum, since this is where the majority of the opacity resides at Teff < 15,000 K, and thus the 
majority of the spectral diagnostics for B-type through Y-type stars and brown dwarfs.  Further, 
the direct diagnostics of active accretion manifest themselves from high energy x-rays all the 
way down to ~6000 K temperatures (generating ultraviolet/optical continuum excess and line 
emission), with winds/jets at lower ~6000-2500 K temperatures, and the inner disks apparent as 
near-infrared spectro-photometric continuum excesses or gas lines having <2500 K temperatures. 
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There are four main flavors of investigation that are of interest in this field: 
o Stellar populations demographics at <1-10 Myr of age; 
o Detailed study of individual objects that provide specific physical insight; 
o Time domain investigations of e.g. accretion/outflow or double-line eclipsers; 
o Quantitative diagnostics of star formation for application in more distant regions. 

We note that some -- but only a very few -- of the nearby star forming regions have been studied 
in great and exhaustive detail.  As an example, the Orion Nebula Cluster was one of the first 
regions targeted with extensive multi-object optical spectroscopy (e.g. Hillenbrand, 1997), and 
later with single-object infrared spectroscopy that probed further down the mass function (e.g. 
Slesnick et al. 2004).  HST has solidified the brown dwarf population (Gennaro et al. 2019), and 
JWST will continue study of this benchmark region down into the planetary mass regime.  Gaia 
has probed the kinematics for brighter stars (Kuhn et al. 2019; Kounkel et al 2019).   
In this and other star forming regions, spectroscopy is crucial not only for disentangling the 
stellar photosphere from the excesses due to hot accretion processes and cool disks, all amidst 
the presence of substantial extinction, but also for measuring the accretion and wind/jet 
diagnostics so as to characterize the inflow and outflow of material in the inner disk region. 
Unlike the case with galaxies, there is no easy path to basic characterization, such as photometric 
redshift or BPT diagram assessment of the star formation rate.   And unlike the case with older 
field stars, machine learning algorithms are not the appropriate tool to produce Teff, log g, vsini, 
RV, and [M/H] abundances -- in an automated fashion with the push of a button.   Young stars 
are more complex and need both dedicated spectroscopic data sets and specialized analysis. 
Outstanding Questions and Science Enabled with Large Spectroscopic Datasets  
Despite lengthy discussion over many decades, there are still many unsolved problems in star 
formation and young stars.  Among them: 
- What is the exact form of the initial mass function below ~0.8 Msun? 
- What is the duration of star formation in individual regions and the sequence with stellar mass? 
- Can we map the majority of parameter space for multiplicity, at the birth stage of a star cluster? 
- What are the 3D dynamics of youthful stars, before full dispersal of the cloud and cluster, and  
integration of the newly formed young stellar population into the Galactic potential? 
- How do mass accretion rates, mass outflow rates, and dust/gas disk depletion track with age? 

- What explains the apparent luminosity spreads observed for every young star cluster and how 
can we distentangle what looks like age spreads or radius spreads from other effects? 
 
-How does angular momentum as a function of stellar mass evolve during the pre-main sequence 
 
-What are the optimal young stars around which to search for forming and recently born planets? 
 
- How do demographics of young planets differ from those of more mature planetary systems? 
 
- How do we connect extragalactic with galactic measurements of star formation, e.g. rates? 
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Technical Requirements to Realize the Science 
The set of desired “measurements” for young stellar populations includes: stellar parameters 
(effective temperature, surface gravity, rotation and radial velocity), circumstellar parameters 
(veiling measured at multiple wavelengths 0.4-2.4 micron, emission line presence and strength), 
and foreground circumstellar+cloud extinction.  From the above, derived quantities such as 
stellar luminosity, radius, age, mass, mass accretion rate, and mass outflow rate can be modelled. 
 

Both optical and near-infrared spectroscopic capabilities are needed, given that this is where the 
diagnostic lines are, and that for most star-forming regions the stars – including very early types 
- are extincted.   Also important is time-domain capability; we have witnessed a revolution in 
photometric variability characterization with CoRoT and Kepler/K2, and we need appropriately 
intensive spectroscopic campaigns for 1) accretion continuum and emission line monitoring, and 
2) radial velocity monitoring so as to identify and quantify fundamental properties of binaries. 
 
Regarding resolution, spectrophotometry will work well on young brown dwarfs, but is not well-
suited to earlier type stars, where temperature and extinction are degenerate.  Low spectral 
resolution of R~1000-4000 allows for the identification of strong emission lines (e.g. Hα and 

 

 
Figure 2: VLT/X-Shooter spectra of young stellar objects.  Top: Broad spectrum with a plethora of permitted 
and forbidden emission lines.  Bottom: Profiles of prominent permitted lines showing the primarly inflow 
kinematics in this particular source; others are dominated by outflow. Figures adapted. 



 5 

CaII triplet in the optical) as well as crude spectral type and extinction characterization, but does 
not probe with the spectroscopic detail necessary for progress on the problems above.  Spectral 
resolution R~20,000 is key for much of the described science, and enables single datasets to have 
the greatest impact on the field.  For mapping the velocity fields of inflowing and outflowing 
gas, R>45,000 would be ideal. 
 
Sensitivity requirements are driven by an aim to completely characterize the star formation 
history of the Milky Way out to a distance of 1 kpc.  This means sensitivity to near the substellar 
limit for ages <10 Myr, translating to G~22.5 mag and K~15.2 mag, in the absence of extinction.  
 

Future yields from major 
spectroscopic surveys. 

Wavelength 
Range 

Spectral 
Resolution 

Magnitude Limit  
for SNR=10  

Multiplex 
Maximum 

Utility for Young Stars Science  

OPTICAL      
GAIA / RVS 0.85-0.87 micron      8,000 G < 12 truly all-sky inadequate but still valuable 
SDSS-V / BOSS 0.4-1.0 micron     2,000 G < 18  500 (fiber) marginal; can identify emission 

lines and do crude spectral 
typing 

CFHT è MSE 
 

0.4-0.9 micron ~30,000 
  ~5,500 

G < 20 
 

3000 (fiber) excellent 

INFRARED      
SpherEx (NASA MIDEX) 0.8-3.8 micron          40 17.5 AB truly all-sky insufficient due to resolution 
ATLAS  
(NASA Probe Concept) 
 

1-4 micron     1,000 20.5 AB 5000 (DMD) marginal; can provide flux-
calibrated spectroscopic data 
over broad wavelength 

SDSS-V / APOGEE 1.5-1.7 micron   22,000 H < 12  500 (fiber) excellent for brighter sources 

 
Needed Support  
Build New Spectroscopic Machines.  There are a number of currently proposed multi-object 
spectroscopic facilities with some portion of the science case directed towards galactic 
astrophysics. One can imagine a well-planned and coordinated attack on the problems outlined 
above using a combination of optical and infrared facilities with a range of resolving power. 
 
Secure Operations Funding and Telescope Time Allocation.  Survey science requires planning 
not just the hardware, but the data acquisition/reduction, collection and archiving strategies. 
 
Fund Science Teams.   Enabling data is of course only part of any science story.  Teams both 
large and small should be funded to exploit the data and carry out the science.  Not to be 
neglected is theory – pre-main sequence evolution theory is currently a very poor match to 
observations, even when the (sometimes) dominating effects of accretion are included. 
 
Train the Next Generation of Researchers.  The field of star formation and young stars is alive 
and well in Europe, with many junior researchers poised to become tomorrow’s leaders; this 
field is also prominent in Asia.   In the U.S., however, the focus of resources and attention on the 
important field of exoplanets, has caused adjacent fields such as young stars and disks-to-planets 
work, to wane.  It is hard to name more than a few junior researchers in young stars surviving 
from the heyday of the Spitzer-cryogenic era to today.  Yet, many lingering problems within the 
sub-discipline are being given new light due to interest from exoplanet angles (e.g. stellar ages, 
activity, disk composition/evolution, etc.), with wheels being re-invented and fire being re-
discovered. Better balance in investments would enable quicker progress from both perspectives. 


