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Serpens star-forming region
Courtesy Adam Block via APOD



Creating a picture of star-forming regions
* Cold ISM: dust/gas (diffuse to dense)

* Protostars
* Adolescent stars

Serpens star-forming region and Aquila Rift
Courtesy Adam Block via APOD



Far-IR/sub-mm: emission from dust and protostars

Herschel far-IR dust image,
Bontemps et al. 2010



Serpens Molecular Cloud
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Cambresy 2003 extinction map



Serpens Molecular Cloud
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Add embedded protostars
(yellow) and disks (red)
from Spitzer, near-IR, X-ray
Kuhn+2010; Povich+2013;
Dunham+2015




Serpens Molecular Cloud
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Add optical counterparts
from Gaia DR2 astrometry
(Herczeg, Kuhn, et al. 2019)




Low mass stars, van Boekel 2005



Low mass stars, van Boekel 2005
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Buried in envelope,
Scattered by dust

Cartoon from Isella 2006 Cartoon from Tobin+2012
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Measure Tbhol (~peak of SED)
and Lbol (luminosity)
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Time dependence needed; episodic accretion is likely (but not only) solution (e.g.,
Offner & McKee for different assumptions; Fischer+2017 for exponential decay)



Tobin+2012 Zhu+2010; Bae+2014



Decades-long FUor bursts:
Gravitational instabilities in disk

Months-long EXor bursts
Magnetic instabilities in inner disk

Most recent bursts found by PTF/ZTF and Gaia



The East Asian Observatory JCMT-Transient Survey:
the first long-term sub-mm monitoring program
(Herczeg+2017)

Gregory Herczeg (co-Pl; PKU/China)
Doug Johnstone (co-Pl; NRC/Canada)
Jeong-Eun Lee (KHU/Korea)

Steve Mairs (EAO/Victoria)

Yong-hee Lee (KHU), Wen-Ping Chen (NCU), Carlos
Contreras-Pena (Exeter), Giseon Baek (KHU), Vivien
Chen (NTHU), Jenny Hatchell (Exeter), Geoff Bower
(EAO), Zhiwei Chen (PMO), Keping Qiu (NJU),
Jianjun Zhou (XAO) and ~70 others (Open team)



The EAO/JCMT Transient Survey

SIPCA 2018

Expansion in 2020 to include 6 intermediate mass regions

18



Precision of ~2% from

Analysis of light curves differential photometry

stochastic (random); secular (linear); and periodic






Rise: o0.1yr
Decay: 0.75yr






Fractional slope (/yr)

Peak Flux (Jy/beam)

Follow-up with NEOWISE mid-IR monitoring and Gemini spectroscopy



First coronal flare
detected in sub-mm

Decay detected during
30-min integration

JW 566 (binary) in Orion:
bright in a single epoch






Low mass stars, van Boekel 2005



-40 ~-20 0 20 40

Competition between gas accretion; gap/hole formation



Disk frequency in different clusters

(Hernandez et al. 2008 and many others,
including Haisch+2001)



Espaillat+2007; see also, eg Strom+198g, Brown et al. 2008
Calvet+2002, D'Alessio+2005, Furlan+2006;
Kim+2009, Merin+2010






e.g., Ansdell+2016;
Pascucci+2016;
Barenfeld+2016;

see also Miotello+2017 and
Long, Herczeg+2017 for CO flux

From Long+2018a



Cha | : 2 Myr-old star-forming region

Dust
Mass

Gas
Mass

Long+20183; see also, eg,

Ansdell+ and Miotello+
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Minimum mass
solar nebula

Not enough disk mass to grow more giant, terrestrial planets and to drive
accretion (see also Manara+; Mulders+)

depends on dust opacities/scattering (Kataoka+2015; Zhu+2019)



The ALMA revolution:
Dust structures in protoplanetary disks

Large dust grains drift to local pressure maxima
(e.g., Weidenschilling 1977; Pinilla+2015)



ALMA Image of HL Tau disk (0.5-1 Myr)

(ALMA Partnership+2015)
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Companion? spiral density
waves (e.qg., Perez+2016)

Binary formation in young,
gravitationally unstable disk?
(e.g., Tobin+2016)



Dust at 50 AU CO 6-5: symmetric

Planet inside hole: Vortex? Comet/KBO factory?




DSHARP, Andrews+2018: brightness-selected



Unbiased-ish ALMA survey of Taurus disks (0.1”/14 AU)

Long et al. 2018/2019, Yao Liu et al. 2018; Lodato+2019, Manara et al. 2019; includes
Herczeg (PI), Pinilla, Harsono, Ragusa, Dipierro, Tazzari, and ~10 others

2.4" (350 AU) on each side



What if the gaps are carved by young planets?

(Lodato et al. 2019)

Long, Pinilla+2018:
rings/gaps are not
created by ice lines

Zhang+2018 (DSHARP);



VLT/Sphere ALMA/dust, MUSE/H-alpha accretion,

Isella+2019 Haffert+2019
See also Zhou, Herczeg, et al. 2014

Other evidence for planets in rings: from kinks in CO channel maps, Pinte+2018



Unbiased survey of Taurus disks (Long et al. 2018/2019)

12 large disks with
substructures

12 smooth (?),

compact disks
(~20-40 AU; not fainter)

Truncated disks: smooth disks
in binaries (0.7 — 4": Manara+2019)






Low mass stars, van Boekel 2005
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Stellar
Birthline

ONC data from Da Rio+
Dotter+2008 ° .

3.79 3.70 3.69 3.60 3.99 3.90

log Teff/K

Some spread is real (see, eg, Liu Jiaming: older clusters in Taurus), but how much?



1 1
4300 4400 4500

th (A)

1
4000 4200

lux (107 erg

Herczeg & Hillenbrand 2014, 2025
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Measure stellar properties with flux-calibrated optical spectroscopy

Simultaneous fit for Teff, Av, accretion rate, photospheric luminosity
Herczeg & Hillenbrand 2014/2024; Manara/Alcala+2010s; Fang+2009/2013

Spreads in HR diagrams persist!



Updated with VLT/MUSE
Fang+2021
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Ages from low-mass

70 — Revised ages,
stars; Hernandez+2008 % 60 Factor of ~2 larger
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® Timescale for envelope dispersal
® Star formation history
® Rotational evolution

® Masses of directly-imaged planets
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® Need accretion history of the star (JCMT-Transient survey!) + initial core size

® Modest affects/outliers are possible
Some age spread (smaller radii)

Brown dwarfs appear too young: larger initial core
Intermediate mass stars too old: same initial core, more cold accretion



Two temperature fit: 4000, 2750 K
Fill factor of cool component: 80%

0.5V 0.8 M, ' = Baraffe+2015 tracks |

Cool
Hot . )
4000
Temperature (K)
Example fits to segments of What does Teff mean?

high-res IGRINS H+K spectra Are we getting them all wrong?
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See also, Bouvier+1992; Herbst+1994; Petrov+1994;
Grankin+2008; Debes+2013; Jackson & Jeffries 2014; Bary+2014;

otherc
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Gaia and prospects for pre-main sequence evolution
and our local star formation history



GalaxyMap plus
dozens of papers,

eg, Cantat-Gaudin+2018
Kounkel+2019




Liv, Jiaming, et al. 2020: new Herczeg, Kuhn+2019 in Serpens:

young clusters in Taurus, past several bursts over ~100 pc
epoch of star formation?

In addition to our local star formation history
Masses:  dynamical orbits of binaries
Ages: dynamical evolution of clusters




ULLYSES: DDT Legacy Program from HST

* oo orbits, FUV-optical spectroscopy of young stars

* Disk accretion, accretion-driven winds, disk surface






First long-term sub-mm monitoring program

Variable sub-mm emission from protostars

ALMA: driving an amazing revolution in disk
physics and planet formation

We may be detecting planets in formation!

Pre-main sequence evolutionary models are
uncertain (mass, age)

Limits understanding of disk evolution and star
formation history

Spots: uncertainty for low-mass stars e
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