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Classification paradigm

Lada 1987/André 1993; Cartoon by J. Roquette, from Persson (2014)

<0.10 Myr 0.44-1 Myr 1-3 Myr 1-2 Myr?



Most of the stellar mass and (therefore) J is accreted 

in the protostellar phase - dM/dt may be high enough 

to crush magnetospheres.

- Here I assume that the protostellar “in between” 

times of slow accretion is where spindown occurs.Accretion rate history

Hartmann; Calvet 2000

A zeroth-order 
approximation



Outbursts in last decade have started to blur the distinction between FUors and EXors:
– Outburst luminosities reach intermediate values (e.g., HBC 722 with ≈5-12Lsun, V2775 Ori with 51 Lsun)
– Outburst durations in between those of EXors and FUors (e.g., HBC 722, V1647 Ori, OO Ser)
– Embedded objects with EXor outburst characteristics (e.g., V723 Car, V1647 Ori, V2492 Cyg)

à A continuum of properties of eruptive young stars? (Audard et al. 2014, PPVI review)
See more recent review (PPVII: Fischer et al. 2023)

A wide range of outbursts
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Kóspál et al. (2011)

Miller et al. (2011). After dimming by 1.4 mag (R) during six
months, the source remained relatively constant in brightness
for another few months with only small bounces, but color
continuously became redder. We label it as phase 3, which
describes the relatively constant state in the period of outburst.
In contrast, in phase 4, HBC 722 started to re-brighten slowly
from 2011 October. It steadily recovered its luminosity and the
color curves showed distinctive bluer tendency again until
2012 May. Lastly, in phase 5, the brightness continuously
increased and went over its first peak of luminosity in 2013
May observation. In contrast to phase 4, color curves of the last
phase have weak bluer tendency or close to constant with small
fluctuations. According to Semkov et al. (2014), HBC 722
maintains similar brightness from the secondary peak in
2013 May.
We found hints of short-term phenomena distinct from the

long-term behaviors. Figure 3 shows sample data collected
over two weeks in 2011 August. The upper two panels are the
light and color curves of HBC 722, and the lower two panels
are those of the comparison star, C7. We averaged the data of
each night to see day scale brightness and color variabilities.
Note that this period belongs to phase 3 in the long term, during
which HBC 722 stayed relatively constant in brightness and
became redder in color (see Figure 2). In contrast, day scale
fluctuations are seen with the other short scale decreasing
tendency of 0.1 mag amplitude. Color hardly changed at the
same time. Figure 4 is another sample data collected in 2012
September. Figure 4 is produced in the same manner as
Figure 3. This period is in phase 5 with respect to the long term,
where luminosity became brighter and color showed slight
changes. As with the previous case, there are small fluctuations
in light curves in the short term. In summary, distinct behaviors
on different timescales imply that there could be shorter
timescale mechanisms in HBC 722 system.

Table 2
Target List

AB Magnitude

Target USNO-B1.0a ID R.A. (2000) Decl. (2000) r i z Spectral Type

HBC 722 1338-0391463 20:58:17.0 +43:53:42.9 14.3 ∼ 12.5b 13.4 ∼ 11.8b 12.8 ∼ 11.2b Late K–Mc

C4d 1338-0391536 20:58:30.0 +43:52:23.8 14.31 13.80 13.50 M2–M3
C7 1338-0391522 20:58:26.3 +43:52:23.5 15.15 14.53 14.20 M3–M4

a http://www.nofs.navy.mil/data/fchpix/
b Brightness changes in our observed period (2011 April–2013 May) are shown.
c Miller et al. (2011).
d Coordinate and r mag from Green et al. (2013) are quoted.

Figure 1. Spectral energy distributions of comparison (C7) and check star
(C4). In addition to the r, i, and z data from this work, archival data from
SDSS, 2MASS, and WISE are adopted.

Figure 2. Top: light curves of HBC 722 collected during our observed period
(2011 April–2013 May). The upper (red), middle (green), and the the lower
(blue) symbols represent light curves of the z, i, and r bands, respectively. For
comparison, Semkov et al. (2012a, 2014) data of the I and R bands are also
plotted as small black dots. Bottom: color variations. The upper (pink) and
middle (cyan) dotted curves represent the i–z and r–i color indices,
respectively. We also plot the R–I color from Semkov et al. (2012a, 2014)
for reference (small black dots). The small offsets between our data and the
reference data are a result of the different filter system. The data used to create
this figure are available.

Table 3
Classification of Phases

Period Date (UT) JD (+2450000) Magnitude Color

Phase 1 –2010 Sep –5460 Brighter Bluer
Phase 2 2010 Sep–2011 Feb 5461–5600 Fainter Redder
Phase 3 2011 Feb–2011 Oct 5601–5850 Constant Redder
Phase 4 2011 Oct–2012 May 5851–6050 Brighter Bluer
Phase 5 2012 May– 6051– Brighter Constant
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The Astronomical Journal, 149:73 (11pp), 2015 February Baek et al.

Baek et al. (2015)



Kenyon et al. (1990, 1994); 
Kenyon & Hartmann (1995)

Dunham et al. (2010a), 
Young & Evans (2005)

Dunham et al. (2014) Models of single isothermal sphere with rotation
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tKH>tacc in protostars à 
L(protostar)>L(T Tau star) 
for same mass, in theory

Kenyon et al. (1990, 1994)

Solving the protostellar luminosity problem



Dunham et al. (2014) Models with simulated episodic accretion

Dunham et al. (2010), Dunham & Vorobyov (2012)

Episodic accretion may also  explain luminosity spread in young clusters 
(Baraffe et al. 2009, 2012; Jensen & Haugbølle 2017)

Solving the protostellar luminosity problem



YSO variabilityFischer, Hillenbrand, Herczeg, Johnstone, Kóspál, & Dunham Accretion Variability

To match observations, these families of models typi-399

cally require protostellar mass distributions that differ from400

standard initial mass functions (McKee and Offner 2010).401

For example, it can be inferred from Figure 2 that Fischer402

et al. (2017) form stars with masses skewed to larger val-403

ues than a typical IMF predicts. They suggest that this may404

be due to one or more of episodic accretion, poorly known405

M⇤/R⇤ ratios, or incompleteness to low masses at the dis-406

tance to Orion. To distinguish among models that give good407

matches to luminosity distributions, it will be necessary to408

measure protostellar masses by fitting molecular line data409

from protoplanetary disks (e.g., Okoda et al. 2018; Tobin410

et al. 2020).411

Improvements in sensitivity and sample size alongside412

more detailed modeling over the last three decades have413

mostly resolved the initial concern that the mean predicted414

and observed protostellar luminosities differ by large fac-415

tors. Despite this apparent resolution of the original lumi-416

nosity problem, there is still discussion in the current liter-417

ature of a luminosity problem, but with a notably different418

meaning. The phrase now generally refers to the fact that,419

instead of simply being too low on average, protostellar lu-420

minosities span an enormous range that encompasses 3–4421

orders of magnitude at both young (Class 0) and old (Class422

I) evolutionary stages. Further, there is a large population of423

very low luminosity objects with Lproto . 0.1 L�. These424

details are challenging to explain with simple accretion sce-425

narios that feature constant accretion rates (e.g., Enoch et al.426

2009; Kryukova et al. 2012; Fischer et al. 2017), and the427

viability of various accretion scenarios proposed as resolu-428

tions remains uncertain.429

We suggest that the field distinguish between the histor-430

ical “protostellar luminosity problem” of predicted lumi-431

nosities being too high and the current “protostellar lumi-432

nosity spread.” This suggestion is motivated by the follow-433

ing considerations:434

1. Using the same phrase for two distinct issues has the435

potential to cause confusion in the literature;436

2. Updated measurements of protostellar luminosities437

and lifetimes have reduced the magnitude of the orig-438

inally noted conflict between observations and expec-439

tations;440

3. Several models have been developed that provide441

good matches to the observed luminosity spreads;442

4. The problem now is to distinguish among these mod-443

els. Which are correct, if any?444

Luminosities alone do not seem to provide enough diag-445

nostic power to distinguish among these models. Further446

progress depends on testing the existing theories with mea-447

surements of other system properties, including protostellar448

masses, protostellar radii, and the accretion rates of more449

deeply embedded sources, to evaluate mass transport ver-450

sus time.451

Fig. 3.— Amplitude versus timescale for various flavors of YSO
variability. Blue indicates the accretion-related events that are the
focus of this review. Purple shows the routine variability, either
brightening or fading, that is detected at longer wavelengths which
we refer to as “disk weather”. In addition, red indicates extinction-
related behavior, yellow stellar phenomena, and green the variabil-
ity expected from binary-related phenomena. We call attention to
the overlap in this parameter space across different variability cat-
egories; boundaries are notional typical ranges.

4. OBSERVATIONS OF DISK ACCRETION 452

This section, the heart of the review, discusses what we 453

know about variable accretion. We synthesize variability 454

studies during typical accretion and during bursts in pre- 455

main sequence stars and in protostars. We close by dis- 456

cussing indirect tracers of variable accretion. 457

Table 1 provides an overview of the nomenclature used 458

in this review. Entries above the horizontal line refer to 459

conceptual categories of variability. Entries below the line 460

refer to observed phenomena that correlate to varying de- 461

grees with the conceptual categories. Figure 3 plots ampli- 462

tude versus timescale for various kinds of accretion-related 463

variability as well as other types of variability for context. 464

4.1. Variable Accretion at Late and Early Times 465

Most stellar growth occurs when the protostar is still 466

deeply embedded in its envelope. As gas in the disk flows 467

to the star, the disk is quickly replenished by accretion from 468

the envelope onto the disk. However, the stages in the stel- 469

lar growth that are most readily visible occur after the young 470

star has shed its envelope and has reached nearly final mass. 471

Measured accretion rates and disk survival timescales are 472

consistent with 1–10 % of the final stellar mass accreted 473

during this last stage of stellar assembly (see analyses by, 474

e.g., Rosotti et al. 2017, Mulders et al. 2017, and Manara 475

et al. 2019). Disk masses are typically less than 1 % of the 476

stellar mass, though highly uncertain, and the disk can no 477

longer access a larger reservoir of gas. 478

In this section, we begin by describing commonly ob- 479
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Fischer et al. (2023), based on Hillenbrand & Findeisen (2015)



The Gaia DR3 YSO catalogue
Marton et al. (2023)
incl. Audard

79,375 candidates, about 40k new
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Comparison of Gaia samples with optical/IR catalogues
(e.g., Marton+ 2019, Grossschedl+ 2018, Kuhn+ 2021)



Optical variability

Mas, Roquette, Audard et al. 
(2025) submitted

Periodicity

Asymmetry

Q=0 à seriodic
Q>>0 à Stochastic 

M=0 à symmetric
|M|>0 à asymmetric 
 (burst or dipping) 

Accretion processes
are stochastic and 
asymmetric



IR + sub-mm variability
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FIR Orion Nebula monitoring
70µm 160µm

Billot, Audard, et al. (2025)

• 38 point-like sources with 
reliable 70µm flux density

• 18 observations of single 
35’x35’ region centered 
on ONC

• Constant speed of 20”/s 
in zig-zag pattern

• Coverage from 2011-02-
25 to 2012-08-27

• PI: N. Billot, 
OT1_nbillot_1



Far-infrared variability in protostars

Billot, Audard, et al. (2025)

Non-variable protostarVariable protostar

Peak-to-peak (S/N) 
enhancements Significant 

and frequent 
variability 
detectable in 
protostars



Far-infrared as tracer of accretion

Fischer et al. (2023b), see also PRIMA GO Book, Battersby+

Far-infrared traces better accretion 
à Ideal for a survey with PRIMAger

Complementary to accretion tracers in UV (e.g., UVEX)



Outburst chemistry
Episodic accretion events can evaporate 

ice frozen onto grains
à CO, CO2, N2H+, HCO+, H2CO time tracers

Vorobyov et al. (2013)

Surface density       temperature 
CO gas-phase

fraction

During the burst

Evaporation of CO ice during the burst

4 kyr after the burst

10 kyr after the burst

The burst evaporates CO ice in the inner  envelope  (~1000-2000 AU)

Surface density Temperature CO gas fraction 

During the outburst

4000 yr after

10,000 yr after

CO ice evaporation in the inner 
envelope (1000-2000 au)



Snow line

42 AU

125 AU

Band 6, 0.03”=12AU resolution

Snow line

See also Banzatti et al. (2015); Schoonenberg et al. (2017);
Hsie et al. (2019); Liu et al. (2021), Vorobyov et al. (2022) 

V883 Ori

L A Cieza et al. Nature 535, 258–261 (2016) doi:10.1038/nature18612

Ice-covered grains

Bared silicates

42 au
125 
au

à Accretion variability with PRIMA/FIRESS



• Accretion in young stars is variable
• Far-infrared regime traces accretion better
• Episodic accretion modifies the disk chemistry
• Snow lines move, ices evaporate

• Young stars are ideal targets for PRIMA to probe 
accretion variability and its impact on the PP disk

Conclusion



• Swiss SNF Postdoc fellowship
– independent project 2 years. Similar to Marie Curie fellowship
– 0-8 yrs after PhD
– Call 1 Dec 2025 TBC

• Swiss SNF Ambizione fellowship
– independent project up to 4 years
– Can ask for PhD student
– < 4 yrs after PhD 
– Call 4 Nov 2025

Opportunities in Switzerland

Feel free to talk to me!


