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ABSTRACT

We report the discovery of a nearby FU Ori-type outburst (FUor), PR Ori B, in the L1641 cluster
of the Orion star-forming region. The high-amplitude variability was first identified in the NEOWISE
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(3-5 pm) photometry of the unresolved PR Ori binary system. Long-term, resolved optical photometric
monitoring demonstrates that PR Ori B is the driver of a AG = 5 mag outburst, while PR Ori A
has remained constant over the last 20 years. The near-IR spectrum of PR Ori B changes from a
late K-type spectral type during quiescence to a viscously heated disk during outburst, including deep
absorption in '2CO and HyO bands. The optical spectrum also exhibits features that are commonly
associated with FUors, including P Cygni profiles in Na I D lines and absorption in the Ca IT infrared
triplet. The luminosity of the outburst (Lgc. ~30-40 Lg) is similar to that commonly observed in
FUors. The comparison of Spitzer/IRS and VLT /VISIR spectroscopy shows some evidence of silicate
crystallisation during the outburst. PR Ori B is one of the closest and brightest FUors discovered over
the last few years, only one magnitude fainter than the archetype of the class FU Ori. The proximity
and brightness will allow for future high angular resolution observations to probe the physics of the
inner disk and to evaluate changes in the disk due to the increased luminosity.

Keywords: stars: formation — stars: protostars — stars: pre-main-sequence — stars: variables: T Tauri,

Herbig Ae/Be

1. INTRODUCTION

FU Ori eruptions, also known as FUors, are accretion
bursts up to ~ 10* Mg yr~! that can last for over
one hundred years (see review by Hartmann & Kenyon
1996). These outbursts are thought to play a critical role
in the growth of stars and the chemistry of protoplane-
tary disks (see review by Fischer et al. 2023). Histori-
cally FU Ori outbursts were very rare, with only about
10 known as of 2010 (e.g. Audard et al. 2014). The
past decade of monitoring surveys (PTF/ZTF, Gaia,
ASAS-SN, VVV/VVVX, and NEOWISE, Covey et al.
2011; Contreras Pena et al. 2017; Hillenbrand et al.
2018; Szegedi-Elek et al. 2020; Nagy et al. 2023; Con-
treras Pena et al. 2023a; Guo et al. 2024a; Siwak et al.
2025) has revealed roughly 60 more FU Ori or FU Ori-
like bursts (Contreras Pena et al. 2025). Most of these
eruptions, however, are located at distances further than
1 kpc, too distant to study at high spatial and spectral
resolution, and lack pre-burst spectroscopy of the star
and disk.

In this paper, we analyze the FU Ori eruption associ-
ated with PR Ori B, discovered in spectroscopic follow-
up of NEOWISE variables (Park et al. 2021) and ini-
tially announced by Contreras Pena et al. (2024). PR
Ori is a multiple system (see Fig. 1) located in the L1641-
N cluster in Orion at a Gaia DR3! distance of 388.4 pc
(see analysis of Gaia DR3 parallaxes by Froebrich et al.
2024). Because FU Ori outbursts are rare and cannot be
predicted, little information is known about progenitors
(Herbig 1958, 1977; Herczeg & Reipurth 2025). One of

1 We adopt the cluster distance because PR Ori A and PR Ori
B have Gaia astrometry that are consistent with cluster mem-
bership but with a high RUWE, indicating that the parallax is
unreliable.

Figure 1.
and the outflow lobe, courtesy of Mike Selby (https://
throughlightandtime.com/Irgb-nebulaother/).

Optical image of the PR Ori binary

the powerful aspects of the PR Ori B outburst is the ex-
tensive set of pre-outburst observations, most presented
by Reipurth et al. (2018).
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In §2 we describe the photometry and spectroscopy
used in this paper. In §3, we provide a historical
overview of the PR Ori system. In §4-5 we analyze the
photometry to establish evidence for the eruption and
the spectroscopic interpretation that the eruption is an
FU Ori outburst. In §6 we then describe the proper-
ties of the FU Ori burst and progenitor, and in §7 we
summarize the importance of this outburst.

2. OBSERVATIONS

This section describes the multi-epoch imaging sur-
veys optical and mid-IR wavelengths that have observed
the PR Ori system, initial follow-up spectroscopy with
IRTF, and subsequent follow-up photometry and spec-
troscopy. The photometry is described in Table 1. The
light curves arising from the resolved and unresolved
photometry of the system are shown in Fig. 2.

This work was initiated after identifying high-
amplitude variability from PR Ori in mid-IR photom-
etry from all-sky observations of the WISE telescope
(Park et al. 2021). A subsequent spectroscopic follow-
up programme, developed to understand the mechanism
driving the variability in these objects, has led to the
discovery of new eruptive YSOs (Contreras Penia et al.
2023b; Ashraf et al. 2023). The YSO PR Ori was in-
cluded as a stochastic mid-IR variable, with a NEO-
WISE W2 amplitude of 1.1 mag (Park et al. 2021). The
mid-IR light curve covered observations with MJD<~
59200 (before December 2020) and therefore did not
show the rising outburst, so our follow-up was inves-
tigating the cause of PR Ori’s stochastic variability and
not because it was considered as a potential FUor object.
The spectrum appeared similar to FU Ori outbursts, and
the outburst was then confirmed with subsequent data
releases from NEOWISE and through optical photom-
etry from Gaia (Gaia science alert Gaia2larx Hodgkin
et al. 2021).

2.1. Mid-IR Photometry

WISE surveyed the entire sky in four bands, W1 (3.4
pm), W2 (4.6 pm), W3 (12 pm), and W4 (22 pm),
with spatial resolution of 6”1, 6’4, 6”5, and 12", re-
spectively, from 2010 January to September (Wright
et al. 2010). The survey continued as the NEOWISE
Post-Cryogenic Mission, using only the W1 and W2
bands, for an additional 4 months (Mainzer et al.
2011). In September 2013, WISE was reactivated
as the NEOWISE-reactivation mission (NEOWISE-R,
Mainzer et al. 2014). NEOWISE-R was decommissioned
in August 2024, with the final data release containing
observations until 31 July 2024. For each visit to a par-
ticular area of the sky, WISE performed several photo-
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metric observations over a period of ~few days. Each
area of the sky was observed similarly every ~ 6 months.

For the analysis of PR Ori, the single-visit data
were collected from the NASA/TPAC Infrared Science
Archive (IRSA) catalogues using a 3" search radius from
the coordinates of the YSO. In addition to the single-
visit data, we also construct a light curve where pho-
tometry taken over a period of a few days is averaged to
produce one epoch of photometry every six months (fol-
lowing section 4.1 in Moodr et al. 2021). We also applied
saturation photometric bias correction as described in
Section II.1.c.iv.a. of the NEOWISE Explanatory Sup-
plement?.

2.2. Optical photometry

We obtained optical photometric observations of the
PR Ori system with the Astrosysteme ASA800 80cm
Ritchey-Chrétien telescope (RC80) at the Piszkéstetd
Mountain Station of Konkoly Observatory (Hungary).
The RC80 telescope is equipped with an FLI Micro-
line PL230 CCD camera, 0755 pixel scale, 18/8 x 188
field of view (FoV), Johnson BV and Sloan g¢'r'i’ fil-
ters. We obtained about 50 epochs between March 2021
and February 2026, with uneven cadence. On each ob-
serving night, we obtained three images of 60s expo-
sure time in each filter, which were reduced following
the usual steps of bias and dark subtraction and flat-
field correction. Due to the proximity of the PR Ori
A and B components, we obtained PSF photometry for
them and for 14 comparison stars in the field of view,
selected from the APASS9 catalog (Henden et al. 2015)
to cover a sufficiently large range in V' — 1’ color. These
comparison stars were used to build the PSF in each im-
age to establish color-dependent zero points from their
APASS9 magnitudes. Typical photometric uncertain-
ties are 0.05 mag in B, 0.04mag in ¢'V, and 0.03 mag in
r'i.

2.3. Archival optical and near-IR photometry

The Zwicky Transient Facility (ZTF, Bellm et al.
2019) is a Northern-equatorial sky survey that per-
forms optical (g,r,4) observations of the Northern sky
(6 > —30 deg) with a three-night cadence. The latest
data release (DR24) contains observations from March
2018 until March 2026. We queried the IRSA for de-
tections within 3" of PR Ori. No light curves could be
retrieved, as the system is brighter than the saturation
limit of ZTF (12.5-13 mag). To investigate the reflection
nebula around PR Ori (see Section 4.1), we collected r-

2 https://irsa.ipac.caltech.edu/data/WISE/docs/release/
NEOWISE/expsup/sec2_1civa.html
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Figure 2. (Top) Photometry of PR Ori A (from Gaia DR3 and the RC80 telescope). (Middle) Photometry of PR Ori B

(from the Gaia alerts and the RC80 telescope). (Bottom) Optical (B, V, R, I and g) and mid-IR (Spitzer IRAC1 and IRAC2,
and WISE W1 and W2) light curve of the PR Ori system (unresolved photometry). The classification as a stochastic variable
in Park et al. (2021) uses observations from before MJD= 59200 (December 2020). We mark this date in the figure with the

light-blue, dashed line.

band images of the source using the image query service
at IRSA.

We collected B,V, R,I photometry from the Amer-
ican Association of Variable Star Observers (AAVSO)
database®. The data covers the period from December
2005 until February 2026. We also include the All-Sky
Automated Survey for Supernovae (ASAS-SN) project
(Kochanek et al. 2017) V-band photometry, covering
September 2012 to February 2018, and g-band photome-
try, covering September 2017 to February 2025. Finally,
we collected ASAS3 (Pojmanski 1997) V-band photom-
etry covering the period from November 2000 to Decem-
ber 2009.

3 www.aavso.org

The observations from ZTF, ASAS-SN, ASAS3 and
AAVSO do not have enough angular resolution to dis-
tinguish PR Ori A and B.

The Gaia telescope resolves the emission from the A
and B components. The epoch photometry of PR Ori A,
for the period 2014-Sep-15 to 2017-Apr-30, is found in
the Gaia DR3 release (Gaia Collaboration et al. 2023).
The photometry of PR Ori B was published by the Gaia
Science Alerts (Hodgkin et al. 2021) as Gaia2larx, cov-
ering the duration of the full Gaia mission, from 2015-
Feb-18 until 2024-Jan-21, showing a 3-4 mag brighten-
ing event in the star.

We also measure new 2MASS photometry for PR Ori
A and B, since the 2MASS point source catalog did not
separate the two components. The brightness is calcu-
lated using PSF photometry on the two components,



Table 1. Optical to mid-IR photometry of PR Ori. The full version of the table is available online.

MJD Mag Mag error Filter Source MJD Mag Mag error Filter Source MJD Mag Mag error Filter Source
PR Ori A PR Ori B PR Ori A+B

51874.85730  9.09 0.02 J 2MASS® | 51874.85730 11.16 0.02 J 2MASS” 56004.32362  11.49 0.01 A% ASAS-SN
51874.85730  8.55 0.01 H 2MASS® | 51874.85730 10.25 0.01 H 2MASS® 56004.32539  11.49 0.01 A% ASAS-SN
51874.85730  8.39 0.01 Ks 2MASS® | 51874.85730  9.85 0.01 K 2MASS” 56016.26176  11.47 0.01 A% ASAS-SN
55936.42679  8.70 0.04 J R18 55936.42679  11.31 0.04 J R18 56016.26345 11.49 0.01 A% ASAS-SN
55936.42679  8.48 0.04 H R18 55936.42679  10.69 0.04 H R18 56226.53686  11.52 0.01 A% ASAS-SN
55936.42679  8.38 0.10 K R18 55936.42679  10.13 0.10 K R18 56226.53861 11.51 0.01 A% ASAS-SN
59985.26514  8.48 0.01 Ks SpeX 59985.26514  9.47 0.01 J SpeX 56228.50443 11.51 0.01 v ASAS-SN
61008.56416  8.30 0.01 Ks SpeX 59985.26514  8.49 0.01 H SpeX 56228.50612  11.52 0.01 v ASAS-SN
59275.74757  12.67 0.04 B RC80 59985.26514  7.71 0.01 K SpeX 56230.49368 11.55 0.01 \4 ASAS-SN
59275.75025 12.03 0.04 g RC80 61008.56416  9.07 0.01 J SpeX 56230.49534  11.56 0.01 \4 ASAS-SN
59275.74905 11.50 0.03 v RC80 61008.56416  8.15 0.01 H SpeX 56232.56040 11.53 0.01 \4 ASAS-SN
59275.75103  11.12 0.02 T RC80 61008.56416  7.31 0.01 K. SpeX 56232.56211 11.53 0.01 A% ASAS-SN
56915.93611  11.20 0.01 G Gaia DR3 | 59275.74757 13.80 0.05 B RC80 56235.51094  11.52 0.01 v ASAS-SN
56951.07373  11.12 0.01 G Gaia DR3 | 59275.75025 13.30 0.04 g RC80 56235.51268 11.52 0.01 A% ASAS-SN
56951.24989 11.11 0.01 G Gaia DR3 | 57071.74660 13.87 0.01 G Gaia Alerts | 56237.54377 11.51 0.01 v ASAS-SN
57071.74677 11.15 0.01 G Gaia DR3 | 57071.82059 13.85 0.01 G Gaia Alerts | 56237.54557 11.52 0.01 4 ASAS-SN

a From analysis in this work
R18: Subrau photometry from Reipurth et al. (2018)

with a separation fixed by Gaia astrometry. The mag-
nitude in both components is then calculated by com-
paring the brightness on the image to 20 other objects
in the field. The photometry and observation date are
shown in Table 1.

2.4. IRTF/SpeX Spectroscopy

We obtained near-IR spectra of PR Ori A and B us-
ing SpeX (Rayner et al. 2003) mounted at the NASA
Infrared Telescope Facility (IRTF) on Mauna Kea (pro-
grammes 2023B079 and 2025B096, PI Contreras Pena,
and 2023A035, PI Késpdl). PR Ori A was observed on
29 November 2025 (UTC) using the short wavelength
cross-dispersed (SXD) mode (0.7-2.5 pm). The total
integration time of the observation was 240s, using the
0”8 slit (R = 750).

PR Ori B was observed on four separate occasions, on
10 February 2023, 23 December 2023, 20 August 2025
and 29 November 2025 (UTC), using the SXD mode.
The source was also observed using the long wavelength
cross-dispersed (LXD) mode during the February 2023
observations. The 078 slit (R = 750) was used in the
February 2023 and November 2025 observations, while
the 0”5 slit (R = 1200) was used for the December
2023 and August 2025 observations. The total inte-
gration times were 600s (SXD, February 2023), 200s
(LXD, February 2023) , 300s (SXD, October 2023), 720s
(SXD, December 2023), 240s (SXD, August 2025) and
360s (SXD, November 2025). Bright AOV standard stars
were also observed for telluric calibration (HIP 26812,
HIP 24607, and HIP 18769). All spectra were reduced
and calibrated using Spextool version 4.1 (Cushing et al.
2004).

For the SpeX observations of 10 February 2023, we ob-
tained photometry from K-band images with the guide
camera for PR Ori B and HD 37131. The flux calibra-

tion from the telluric spectra and from the guide cam-
era photometry agree within 0.037 mag (a difference less
than 4%), suggesting that the night was stable and the
flux calibration is robust, within 5-10%. Eventually, the
spectra were rescaled so that they reproduce the K-band
photometry with the guide camera. We calculated syn-
thetic photometry from the SpeX spectra of PR Ori B
using the 2MASS JHK filter profiles. Using the guide
camera images we also obtained K photometry for PR
Ori A. The photometric data is presented in Table 1.

2.5. BOAO/BOES

We observed the PR Ori system using the Bohyun-
san Optical Echelle Spectrograph (BOES) on the 1.8
m optical telescope at Bohyunsan Optical Astronomy
Observatory (BOAO) in the Republic of Korea. The
observations, obtained in November 2024 and February
2025, cover from 3600-10500 A with a resolving power of
45000 using the 200pm fiber. The spectra were reduced
with the IRAF echelle package. Each aperture from the
spectral images was extracted using a master flatfield
image. Using the flatfielding process, we corrected the
interference fringes and pixel-to-pixel variations of the
spectrum images. A ThAr lamp spectrum was used for
wavelength calibration.

2.6. Palomar/NGPS Optical Spectroscopy

We obtained optical spectra of PR Ori A and B on
2025 October 27 with NGPS (Jiang et al. 2018) during
commissioning on the Hale 200-inch Telescope at Palo-
mar Observatory. Our observations cover the r and i
bands, yielding spectra spanning 5600-13000 A, with
R ~ 4000. The u and g-bands were not yet available at
the time of the observations. The observations used a
0”5 slit width with the position angle set to 305°. The
total integration time was 300 s.



Data were reduced following standard procedures for
long-slit spectroscopic data reduction using a custom
pipeline developed for NGPS. Wavelength calibration
was performed against daytime ThAr and FeAr arc ex-
posures. Flux calibration was performed with an ob-
servation of the spectrophotometric standard G191-B2B
taken immediately following the science observation.

2.7. GALAH DR/

PR Ori B was observed by the Galactic Archaeology
with HERMES (GALAH) Survey (Buder et al. 2025).
The observations were carried out on 2022 February
2 using the HERMES spectrograph (R~30000) on the
3.9 m Anglo Australian Telescope. The instrument is
a fiber-fed spectrograph covering four non-contiguous
bands covering between 4700 and 7900 A. The projected
slit width is 2”7, and the coordinates of the observations
are centered on PR Ori B. In this work we make use
of the single co-added spectrum of the YSO provided in
the data release 4 of the survey.

2.8. VLT/VISIR mid-IR spectroscopy

We obtained mid-IR spectroscopy of PR Ori B using
the ESO/VLT VISIR spectrograph (112.25YV, PI: P.
Abrahém). The observation was carried out on 2023
November 4 at an airmass of 1.06. We used the low
resolution spectroscopy mode with a 1” wide slit, pro-
viding a spectral resolution of R ~ 350 in the 8-13 um
range. The observing sequence followed an ABBA nod-
ding pattern along the slit. To ensure precise telluric
correction and flux calibration, the K5III star HD 48217
was observed before and after PR Ori B, and the spec-
tral response function was interpolated for the epoch of
the science observation. Basic data reduction and ex-
traction of the 1D spectrum was performed with the
ESO VISIR spectroscopic pipeline Version 4.4.4 in the
EsoRex environment. Flux calibration was performed
by multiplying with the model spectrum of HD 48217.

2.9. Observations from Reipurth et al. (2018)

We also present the optical and near-IR spectroscopic
data from Reipurth et al. (2018). The near-IR obser-
vations were carried out using GNIRS at Gemini-North
during 2012 February 4 for PR Ori A, and 2013 January
21 for PR Ori B, and with a resolving power of R ~ 1700
and R ~ 800, respectively.

Reipurth et al. (2018) obtained Keck/HIRES echelle
spectra of PR Ori A and B on 2010 Nov 14 and 2011
Dec 18, spanning 4700-8700 A, with seeing of ~ 0”9 and
~ 1”1, respectively. The slit was aligned with the binary,
so both components are well separated on the detector.
We reduced and reanalyzed the spectra of both com-
ponents. The spectra were extracted by simultaneously

fitting two Gaussian profiles of the same angular width
in the cross-dispersion direction and separately with box
extractions, with spectra consistent with the figures in
Reipurth et al. (2018). Some residual OH and Oy night
sky emission lines are present in the reductions and are
subtracted by visual inspection. The flux of PR Ori B
is calibrated by assuming that PR Ori A is constant, as
shown by the Gaia lightcurve, and then adopting the
Gaia spectrum. The 2010 November 14 data was ob-
tained in better weather, which led to higher S/N and a
better sky subtraction.

2.10. ALMA Observations

The PR Ori system was observed on 2024 August 1
(2023.1.00561.S, PI: Vioque, Miguel). The observations
were originally published in a large survey of Herbig
AeBe stars by (Stapper et al. 2025) One execution block
failed during restoration of the delivered final flag ver-
sion because of a row-number mismatch in the flag table,
so the analysis here uses the three successfully restored
execution blocks.

We used the continuum and 2CO product data from
the ALMA archive to constrain the disk properties of
PR Ori B. For the continuum fit, the spectral windows
centered on the 2CO line near 230.538 GHz were ex-
cluded, and the remaining continuum spectral windows
were averaged to produce a compact visibility table.
The synthesized beam size of the continuum data is
0”36x 0728, with position angle (PA) of 85.56°, while for
the 12CO data we estimate a beam size of 0//37x0”29,
and PA of 81.98°. The root-mean-square (rms) val-
ues are 4.04x1072 mJy beam™! (0cont) and 4.08 mJy
beam~! (g12¢p) for the continuum and *2CO data, re-
spectively.

3. BEFORE THE ERUPTION: A HISTORICAL
OVERVIEW OF THE PR ORI SYSTEM

The PR Ori system is one of the brightest members
of the L1641 region. In a dedicated study of the PR
Ori system, Reipurth et al. (2018) found that it is com-
prised of PR Ori A, itself a close (07077) binary, and
PR Ori B (Gaia2larx, ESO-Ha 1481, o =05:36:24.8,
§ = —06:17:31), separated by 3”5*. Excess infrared
emission and sub-mm emission, both produced by a cir-
cumstellar disk, are associated with PR Ori B but not
with PR Ori A (Fang et al. 2013; Reipurth et al. 2018;
van Terwisga et al. 2022).

4 A fainter source, PR Ori C, is located ~ 10" away and was
thought to be a distant companion, but the Gaia proper motion
indicates that the object is either a field star or a runaway star
from some other system in Orion.
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mark upper limits of the outburst flux at A > 10 pm.

The PR Ori system was previously recognized as
a variable star®, with observations dating to 1888
that show brightness variability in the visible range
from 13.0-14.5 mag (source 64, Pickering & Leavitt
1904). Comprehensive monitoring described by Pare-
nago (1954), including epochs dating to 1864, revealed
similar variability of 1-1.5 mag, and with more faint
epochs than bright epochs.

PR Ori B is also the driver of the Herbig-Haro ob-
ject HH305, with a series of shocks that may indicate
past outbursts (Reipurth et al. 2018). When searching
for nebulous features around star forming regions using
Schmidt plates, Reipurth (1985) identified this group
of shocks that lie along a line passing through PR Ori
(Reipurth et al. 1998; Mader et al. 1999).

The small near-infrared (near-IR) excess and weak Ho
emission of PR Ori (Strom et al. 1990) and the offset
of the location of the primary with respect to some of
the knots of HH305 (Reipurth et al. 1998), indicated
that a fainter secondary source is the likely driver of
HH305. Support for this scenario is provided by the
identification of PR Ori as an optical double in Strom
et al. (1990) and the formal identification of PR Ori B
by Mader et al. (1999). PR Ori B is classified as an
Ha emission line star, though the emission strength is
not particularly high (ESO-Ha 1481, Pettersson et al.
2014). Although historically PR Ori A is brighter than
PR Ori B at optical and near-IR wavelengths, PR Ori
B in quiescence dominates emission in the mid-IR and

5 Reported along with complaints about funding!
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at longer wavelengths (Megeath et al. 2012; Chen et al.
2016).

The most in-depth investigation of PR Ori B is pro-
vided by Reipurth et al. (2018), with an extensive anal-
ysis of optical and near-IR spectra and the spectral en-
ergy distribution (SED) from the optical to the far-IR.
PR Ori B has a near-IR spectral type of K7£2 and shows
Ha emission with EW= —16.840.1 A, with a blueshifted
absorption dip (v = —90 km s7!) from a wind, and a
P Cygni profile in He T A10830.

3.1. The Properties of the Progenitor

PR Ori B is classified as a K7 star from the near-IR
spectrum (Reipurth et al. 2018). This corresponds to
a star with an effective temperature of Tog = 4050 K
(Pecaut & Mamajek 2013). Using the distance of
388.4pc, extinction Ay = 3.1 mag (adopted from the
outburst measurement), and a bolometric correction of
1 mag (Pecaut & Mamajek 2013), we calculate a quies-
cent stellar luminosity of 1.27 L from the H-band abso-
lute magnitude of PR Ori B during quiescence. The lu-
minosity and effective temperature correspond to a stel-
lar radius of R, = 2.3 Rg. From the models of Somers
et al. (2020) with 34% spot coverage, we estimate a mass
of M, = 0.85 My and an age of 1.23 Myr.

We caution that these values are derived by adopting
the Ay from the outburst and assuming that the Ay
remained constant with time. However, some changes
may have occurred between quiescence and outburst,
either decreasing Ay via dust clearing (as observed in
V1647 Ori Aspin 2011) or increasing Ay due to dusty
winds (which may play a role in HBC722 Herczeg &
Reipurth 2025). In addition, the spot coverage of young
K-type stars could be as high as 80% (Pérez Paolino
et al. 2025).

Figure 3 shows the SEDs of the A and B components
of the PR Ori binary system, including quiescence and
outburst for B and the Gaia XP and IRTF/SXD spec-
tra of PR Ori A. For PR Ori B we show SEDs and
spectra taken during quiescence and outburst, includ-
ing the Spitzer/IRS observations from 2007 (quiescence
from Kim et al. 2016) and the IRTF/SXD, IRTF/LXD
and VLT /VISIR spectra observed during the outburst.

The SED of the PR Ori system shows that PR Ori
B during quiescence has far more circumstellar material
than the A component. We use the SEDs between 2 and
20 pm to determine the spectral index, «, of the A and B
components. For PR Ori A we determine o = —2.5, con-
sistent with a Class III YSO, while for PR Ori B (during
quiescence) we obtain a = 0.03, or a Flat-spectrum YSO
(following the prescriptions of Gutermuth et al. 2009).
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3.2. The stellar properties of PR Ori A

The stellar properties of PR Ori A, as measured from
high-resolution Keck I/HIRES spectra, indicate that the
system is young. PR Ori A itself is an intermediate mass
T Tauri star and precursor to an A star. We measure
stellar properties of PR Ori A by first measuring the
stellar temperature from the Keck I/HIRES spectrum
with the SpecMatch-EMP pipeline (Yee et al. 2017).
Orders with good fits yield T, = 4940 + 110K, and
vsini = 52+ Tkms~!. Our own x? minimization fits
of BT-Settl (AGSS2009) spectra to the observed spec-
trum yield similar results, with Teg = 5100 + 400K

and vsini = 47 £ 4kms~!, and radial velocity 26.8 4
0.7kms~!. This temperature is consistent with the K2
spectral type assessed by Reipurth et al. (2018) and G9
from Fang et al. (2013).

The equivalent widths of Na I+Ca I versus '2CO of
our 2025 near-IR spectrum of PR Ori A are also con-
sistent with a mid-K spectral type (see Fig. 4). The
similarities between the observations by Reipurth et al.
(2018) and our spectrum (Fig. 4), taken ~11 years
apart, provides further evidence that PR Ori A is not
the source driving the large variability in the system.



Adopting the 4940 K temperature, we obtain Ay =
0.73 mag from the Gaia colors and Pecaut & Mama-
jek (2013) temperature-color relationships. The corre-
sponding luminosity is then 7.8 Ls. We convert the tem-
perature and luminosity to a mass of 1.84 M and age
0.63 Myr using the Dartmouth pre-main sequence evo-
lutionary tracks (Dotter et al. 2008).

3.3. Optical Emission from PR Ori B: scattered light
from PR Ori A

During quiescence the photospheric absorption lines
of PR Ori B are an exact match for PR Ori A. Figure 5
shows high-resolution spectra of PR Ori A and PR Ori
B from three different spectral ranges. The lines, line
depths, centroid velocity, and rotational velocity of PR
Ori B are the same as those of PR Ori A. The only sig-
nificant differences between the spectra are the presence
of emission lines from PR Ori B. The pre-burst optical
spectrum from PR Ori B is interpreted as the combi-
nation of reflected light from PR Ori A plus some lines
produced by accretion processes.

The emission lines detected to PR Ori B include H
Balmer and He I lines, the Ca II infrared triplet, wind
absorption lines, and emission in forbidden lines (see
discussion in Reipurth et al. 2018). The emission lines
from PR Ori B and its environment sit on top of a photo-
spheric spectrum and are best measured after subtract-
ing the A-component. These lines are typically asso-
ciated with accretion and wind processes, so accretion
in the system is associated with PR Ori B, as expected
from its excess IR emission. The Ca II IR triplet lines
are bright, as is also seen in the pre-outburst spectrum of
the FU Ori object HBC 722 (Herczeg & Reipurth 2025).

In this interpretation, the strength of the continuum
and the line emission from PR Ori B is puzzling. The
emission from PR Ori B is redder than that from PR
Ori A, with a flux ratio of 14.5 at 8450 A and 37 at
5450 A in 2010, and 14.3 at 8450 A and 20 at 5450 A
in 2011. In 2010, these ratios are consistent with an
extra Ay = 2.2 mag to PR Ori B, with dust either
between PR Ori A and PR Ori B or in our line of sight
to PR Ori B. The flux ratio in the red is then only
~ 5, after correcting for the excess extinction in the
PR Ori B spectrum. The scattering surface must be
uncomfortably large and along our line of sight to ensure
efficiency by forward scattering emission. Moreover, the
equivalent widths of Ha and other lines must be at least
a factor of ~ 10 larger when calculated with respect to
the undetected local photosphere of PR Ori B rather
than the scattered light continuum.

We therefore cannot reliably use the optical emission
to measure any photospheric properties of PR Ori B

9

prior to the FU Ori outburst, at least without further
processing and analysis. The effect of scattering on the
near-IR emission is unclear, though the near-IR emission
from PR Ori B is substantively different from that of PR
Ori A (Reipurth et al. 2018).

3.4. The Disk Properties from ALMA

The ALMA 1.3 mm observations were obtained during
the outburst, in August 2024. Dust continuum emission
is detected only at the position of PR Ori B (see Fig.
6), while CO emission traces the outflow.

To quantify the source size more directly, we fit the
continuum visibilities with an elliptical Gaussian com-
ponent at PR Ori B, using our own codes that fol-
low methods developed in the Galario program (Taz-
zari et al. 2018). The fitted Gaussian has a major-axis
FWHM of 0.264” and an axis ratio ¢ = 0.684, corre-
sponding to a minor-axis FWHM of 0.181" (approxi-
mately 103 x 70 au), at a position angle of 174°. The
total flux from the fit is 24.1 mJy. The continuum emis-
sion is only marginally resolved in the visibility plane, so
we conclude that the disk is moderately inclined. If in-
terpreted as an intrinsically circular, geometrically thin
disk, this axis ratio implies an apparent inclination of
i = cos 1(q) = 47°. The formal statistical uncertainties
from the visibility fit are very small and likely underesti-
mate the true systematic uncertainty. Disks commonly
have substructures, including some that are azimuthally
asymmetric, which would affect the inclination measure-
ment. Any envelope contribution at small scales would
also affect the size measurements.

The 2CO 2-1 emission from PR Ori B is seen with ve-
locity shifts consistent with disk rotation (Figure 7). We

-6°17'27"

30"

*
PR Ori A

33"

Dec. (J2000)

36"

5P36M25.2° 25.0° 24.8°

R.A. (J2000)

Figure 6. Cleaned image of the non-CO continuum data.
The star cross marks the phase center, PR Ori A. The emis-
sion peak is located at the expected offset of PR Ori B.
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analyze the PV diagram using pvanalysis in the SLAM
Python package (Aso et al. 2024) to calculate best-fit
solutions for the protostellar mass and power-law index
of the rotation profile by fitting to the ridge of the emis-
6. The protostellar mass is 1.01 M, with a power-
law index for the radial emission profile of 0.56, assuming
a fixed inclination of 47°. This mass is roughly consis-
tent with the mass from the HR diagram, although past
measurements have indicated that the method may un-
derestimate masses by 30% (Aso et al. 2024).

These fits assume that the dust and gas emission are
produced in the disk. However, a remnant envelope
may contribute to both components and would affect
our measurements, especially because the dust is only
marginally resolved.

sion

4. THE ERUPTION OF PR ORI B

Figure 2 shows the optical and mid-IR light curves
of the PR Ori system. Over the past decade, PR Ori
B has undergone two distinct brightening events, one
from MJD 57300-58200 (October 2015 to March 2018)
and a second starting from ~ 58700 (August 2019) and
continuing, as seen in all bands and described in the
following subsections.

6 If fitting the edge of the emission, the mass is 2.7Mg with a

power law of 0.68. However, the fit to the signal centroid should
lead to a more accurate mass, and the power law index is higher
than expected for a disk. This edge method leads to a factor of
two overestimate in stellar mass (Aso et al. 2024).

Some facilities, such as Gaia, resolve the A and B
components, while others, such as ASAS-SN and NE-
OWISE, provide only total measurements of the sys-
tem. This variability is associated only with PR Ori B.
The primary component, PR Ori A, remains stable at
G = 11.15+0.04 mag in Gaia DR3 photometry and in re-
solved photometry with the RC80 telescope. Meanwhile,
PR Ori B shows high-amplitude variability in Gaia, with
AG =5 mag (Fig. 2) and AW?2 ~ 2.8 mag.

For the remainder of this paper, we infer that all
episodes of brightening and fading are associated with
PR Ori B, with the amplitude dampened by PR Ori A
(consistent with the conclusions of Reipurth et al. 2018).
This inference allows us to measure changes attributed
to PR Ori B in unresolved photometry, after subtracting
off the constant emission from PR Ori A.

4.1. The outburst in optical photometry

The optical Gaia photometry shows both brightening
events of PR Ori B. The first brightening occurred at
the start of the Gaia monitoring with an amplitude of
AG = 1.6 mag, although the total brightening could be
larger as the outburst might have started prior to the
Gaia coverage. After the first brightening, PR Ori B
fades by 3.9 mag and reaches the faintest point of the
light curve at MJD=58241 (May 2018). It then rises by
3.8 mag over 700 days. After reaching G = 12.6 mag
the source continues to rise at a slower rate over the
next 1400 days, reaching G = 11.3 mag in the latest
epoch provided by the Gaia alerts. Within this long-
term rise, a fading event, lasting about 600 days and
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with AG = 0.8 mag, occurs at MJD=59480 (September
2021).

The ZTF data does not cover the first brightening
event because observations began on 29 August 2018
(MJD~58359). The photometry is also not reliable be-
cause the binary system is brighter than the saturation
limit. However, visual inspection of r-band images pro-
vided by the survey shows a clear brightening of the
system with time, along with the appearance of a re-
flection nebula around the September 2020 observations
(MJD~59093). The nebula is still apparent in the latest
available images from March 2026 observations (see Fig.
8).

To measure the change in the brightness of the nebula
with time, we performed aperture photometry for the
location of the nebula (blue circle in Fig. 8) and of stars
in the field around PR Ori. For the photometry, we se-
lected a sub-sample of r-band images from September
2018 to March 2026. Photometry of the nebula was ob-
tained with a 6" aperture using standard IRAF routines.
We selected 14 stars with low scatter in the photometry
and compared them to the brightness of the nebula (see
Fig. 8). The photometry is consistent with the nebula
becoming brighter between March and September 2020.
The brightness rises until approximately October 2023
and has remained at a similar level until the latest avail-
able images from ZTF. These results are robust to the
use of different aperture sizes and different locations in
the nebulosity. The gap between ZTF observations dur-
ing the initial rise prevents specific measurements of a
time lag (e.g. Bricerio et al. 2004, observe a ~ 50 d delay
between the outburst and the brightening of the nebula
in V1647 Ori).

4.2. The outburst in mid-infrared photometry

The mid-IR photometry shows that the PR Ori sys-
tem was constant’ until the initial burst. The NEO-
WISE data of the PR Ori system follows the behavior
observed in the optical light curve of PR Ori B (see
Fig. 2). The first brightening event has AW1 = 0.5,
AW?2 = 0.6 mag and lasts for roughly ~ 800 days, while
the second brightening had a much larger amplitude and
leveled off with AW1 = 2, AW2 = 2.2 mag at the end
of the NEOWISE mission.

These brightness changes are attributed to variability
of PR Ori B. The binary was resolved by Spitzer/IRAC
in the earliest epoch in February 2004, with roughly
equal fluxes at 3.5 and 4.5 pm (Reipurth et al. 2018).

7 Figure 2 shows the Spitzer/TRAC magnitude after summing the
A and B flux and converting the magnitudes to the WISE pass-
bands, using equations from Antoniucci et al. (2014).



12

12-2014  09-2017  05-2020  02-2023
5-
gor
E
~ |
3 it
7+ | * l i
|
L by
57000 58000 59000 60000
MJD [days]

DEC

—6°17'20" UKIRT K - 2008 (quiescence)

250

PR Ori B

30" -

35"
PR Ori A

40"

5P36M25.5° 25.0°

RA

24.5° 24.0°

Figure 9. (Left) Single-epoch (colored circles) WISE W2 photometry of PR Ori. (Right) Right ascension and declination of
the single-epoch detections from NEOWISE (colours are the same as the figure in the left). The values of right ascension and
declination are placed on top of the UKIRT K-band image of PR Ori (taken in February 2008 during quiescence) for clarity.
The source is brighter than the WISE saturation limit (/W2 = 6.4 mag) for detections with MJD> 59000 (May 2020). This
leads to the scatter in the magnitude and location of the single-epoch detections at these dates, even after applying saturation

correction.

Although WISE lacks the angular resolution to resolve
the two components, the centroid of the mid-IR emis-
sion shifts to PR Ori B as the system gets brighter (see
Fig. 9), as expected for a brightening of PR Ori B.
Figure 10 presents a W1 versus W1 — W2 colour-
magnitude diagram (CMD) of the combined A+B emis-
sion and that of PR Ori B. After removing the emission
from PR Ori A (using the 3.6 and 4.5 ym fluxes of PR
Ori A from Reipurth et al. 2018), the amplitude of the
outburst to AW1 = 3.6 and AW2 = 2.8 mag and the
W1 — W2 color gets bluer as the system gets brighter.
The combined emission shows little colour variation, be-
cause PR Ori A has a blue W1—W?2 color and is brighter
than the quiescent emission from PR Ori B in W1.

4.3. The outburst in near-infrared photometry

The limited photometry in the near-IR is consistent
with the optical and mid-IR light curves. PR Ori B ex-
periences high amplitude variability, while PR Ori A re-
mains relatively constant at K ~ 8.4 mag. Comparison
of 2MASS photometry obtained in November 2000 with
photometry from SpeX observations obtained in Febru-
ary 2023 shows an outburst with amplitudes AJ = 1.69,
AH =1.76, and AK; = 2.14 mag for PR Ori B.

5. SPECTROSCOPIC CONFIRMATION OF AN FU
ORI ERUPTION

5.1. The bright viscous disk

The photometric brightening indicates a large ongoing
eruption. In this section, we establish that this eruption
is an FU Ori outburst. In a viscous disk with a high ac-

Table 2. Equivalent Widths of prominent lines

D Nal(A) Cal(A) 'CO (A)
PR Ori A (04-Feb-12)  2.54+0.8 3.2+1.1 11.5+4.4
PR Ori A (29-Nov-25)  2.5+0.2  3.240.2  12.8+0.9
PR Ori B (21-Jan-13)  1.840.8 2.241.1  8.7+4.5
PR Ori B (10-Feb-23)  0.7+£0.5 1.140.2  15.6+0.8
PR Ori B (23-Dec-23)  0.740.3  1.240.4 19.6+1.6
PR Ori B (20-Aug-25) 0.6+0.3  1.240.4  20.7£1.5
PR Ori B (29-Nov-25)  0.940.2  1.440.3 21.3+1.1
V2775 Orif 1.64£0.4 1.740.3  26.0+0.7
SSTgbs2147 (SE)* 2.141.0 2.04£0.8 22.04+2.2
SPICY97855¢ 1.4405 0.240.9 14.440.9
SPICY99341% 1.540.5 1.140.9 14.8+0.9
SPICY100587* 1.840.5 1.240.9 20.5+1.1

t Values taken from Ashraf et al. (2023)
I Values taken from Contreras Pena et al. (2023a)

cretion rate, the optical emission will be dominated by
the hottest temperatures while the near-IR emission is
produced by cooler gas at larger radii in the disk. This
difference leads to the cleanest criteria for classification
of FU Ori objects, an optical spectrum of an FG super-
giant and a near-IR spectrum of an M supergiant star,
including strong CO and HyO absorption bands (e.g.
Miller et al. 2011; Connelley & Reipurth 2018).
Infrared and optical spectra of PR Ori B demonstrates
that the emission is now dominated by a viscous disk.
In contrast, the near-IR spectrum of PR Ori B obtained
prior to the burst was dominated by the stellar pho-
tosphere, while the optical emission of PR Ori B was
dominated by scattered light from PR Ori A.
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The 2023 and 2025 observations of PR Ori B in out-
burst exhibit strong 12CO (Av = 2) ro-vibrational ab-
sorption bands, along with weak absorption from Na I
(2.21um) and Ca I (2.26um). The EWs of Na I+Ca I
versus 12CO of PR Ori B (see Fig. 12 and Table 2) are lo-
cated in the region of FUors (Connelley & Greene 2010),
far from the locus of dwarfs and also discrepant from
giant stars. The H-band spectrum shows a triangular
shape due to absorption in water vapor bands on both
sides of the band (see Fig. 11). These features, which
are similar to those of a mid-M type star, are all consis-
tent with the FUor classification criteria established by
Connelley & Reipurth (2018).

The optical spectrum is produced by hotter gas than
the near-IR spectrum. Figure 11 shows that, at low-
resolution, the red spectrum is mostly featureless. The
TiO bands at 7140 and 7600 A are not detected, though

they would be prominent for an M-type star, which is in
conflict with the apparent spectral type at near-IR wave-
lengths. The change of spectral type with wavelengths is
another defining characteristic of FUor outbursts (Con-
nelley & Reipurth 2018).

During the outburst, H Paschen and Brackett lines
in the red-optical, J-band, and K-band spectra are all
seen in absorption (Fig. 13), as expected for FU Ori ob-
jects (e.g. Connelley & Reipurth 2018; Guo et al. 2024a).
However, emission in Ha, and He I 1.083 pm lines are
discrepant from most previous FU Ori objects. The He I
line in particular is commonly seen in absorption and as-
sociated with winds (Connelley & Reipurth 2018; Ghosh
et al. 2023). Some of this emission may be nebulosity or
produced in a different component. The He I line shows
a P Cygni profile in the 2013 quiescent spectrum, but is
seen purely in emission during outburst. The emission
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line flux increases by a factor of 45 between quiescence
and outburst.

Both the near-IR and optical spectra during the out-
burst differ from the progenitor spectra described by
Reipurth et al. (2018). The pre-outburst near-IR spec-
trum of PR Ori B is classified as that of a K7+2 star
(see the comparison in Figure 11). The equivalent width
ratios for Ca I, Na I, and '2CO of the January 2013
observations place it in the dwarf sequence and not the
FU Ori sequence (see Figure 4). At shorter wavelengths,
the region from 6000-6200 A showed many photospheric
features before the burst, which was the scattered light
from PR Ori A (see Fig. 5) but only continuum after
the burst.

5.2. Winds during quiescence and outburst

During both quiescence and outburst, the PR Ori B
spectrum shows emission in a suite of lines, including
Ha, [O 1], the Ca II IR triplet, and He I A10830. The
[O 1] forbidden lines demonstrate the change in wind
emission, while the origin of some other lines are un-
clear. In this subsection we compare line profiles be-
tween quiescence and outburst to assess their origin.

The line strengths are best measured in the Keck and
NGPS observations, which placed both PR Ori A and
PR Ori B on the detector and resolved them. The fluxes
are then calibrated with the unchanged spectrum of PR
Ori A. The line profiles are best evaluated by comparing
the pre-burst HIRES observations with the two high-
resolution outburst spectra obtained by BOES (see Fig.
14 for Na I D lines, the Ca II IR Triplet, and the forbid-
den lines [O I} A6300, 6363). However, both BOES high-
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resolution spectra were obtained on nights with poor
seeing (273-3"), so emission from both PR Ori A and B
is in the spectrum.

From quiescence® to outburst, the Ca II emission in-
creased in flux by a factor of 1.7 and 2.3 (for the 2010 and
2011 observations, respectively), the [O I] A6300,6363
lines increased by a factor of 7, and Ha decreased by a
factor of 2.2. If the emission is produced in a spatially
extended outflow, then the modest difference in Ca II
may be caused by seeing rather than real variability.
The decrease in Ha emission may be caused by an un-
derlying absorption component expected for an FU Ori
object.

The increase in [O I emission is substantial enough to
point to a real change in line luminosity, either because
of an increase in mass loss rate or a stronger radiation
field. The [O 1] lines display a low velocity component,
likely related to a disk wind (e.g. Natta et al. 2014; Ban-
zatti et al. 2019), during quiescence and outburst. The
relative strength of the emission related to the low ve-
locity component decreases during the outburst. The
BOES observations from February 2025 also display a
high velocity component at ~ —64 km s~!, possibly re-
vealing the presence of a jet or strong outflow (Ninan
et al. 2016; Rab et al. 2022) that was not present in
November 2024.

The Na I D lines during quiescence show the
blueshifted (—40 km s~!) and redshifted (4+200 km s~1)
absorption components described by Reipurth et al.
(2018). After subtracting off the scattered light emis-
sion, the blueshifted absorption extends to roughly 100
km s—'. During the outburst, a P Cygni profile develops
(as evident in the BOES spectrum from February 2025),
with blueshifted absorption extending to —200 km s—!
and redshifted emission at ~ 17 km s™!.

The Ca II IR triplet lines are covered in both low-
(IRTF, NGPS) and high-resolution (Keck/HIRES and
BOAO/BOES) observations. For accreting young stars,
emission in the Ca II IR triplet is usually associated with
magnetospheric accretion (Micolta et al. 2023), while for
FUors they are often seen in absorption and associated
with outflows (Lee et al. 2015). Consistent with these
expectations, the lines are in emission during quiescence
and have P Cygni profiles in the February and October
2025 observations (Fig. 14). Ca II P Cygni profiles are
also commonly observed in the spectra of FUors (Lee
et al. 2015; Ninan et al. 2016)

8 The quiescent emission lines are measured after subtracting off
the PR Ori A spectrum from the PR Ori B spectrum (see com-
plications in the PR Ori B quiescent spectrum due to light from

source A reflected in the B environment in §3).
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figure.

The GALAH spectrum of PR Ori B, obtained with
a large fiber, shows evidence of outflows, as seen from
the detection of O I absorption and K I with P Cygni
profile at 7700-7800A. The spectrum also shows forbid-
den emission from [S II] and [Fe II|, which are likely
associated with both a jet and the nebulosity.

6. PROPERTIES OF PR ORI B BEFORE AND
DURING THE OUTBURST

In this section we summarize the evidence for PR Ori
B as an FU Ori object and compare its characteristics
to other FU Ori objects. Briefly, PR Ori B is classified
as an FU Ori object for the following reasons:

e The optical brightening of ~ 5 mag in Gaia G band
and mid-IR brightening of ~ 3 mag in W1 and W2
agree with the expectations of an accretion-driven
outburst.

e The near-IR spectra during the outburst show
strong absorption in '2CO and H,O bands and
H T lines, typical spectroscopic characteristics of
FU Ori objects.

e The optical spectrum is produced by hotter gas
than the infrared spectrum, as expected for emis-
sion from a viscous disk.

e The increased luminosity of PR Ori B illuminates
a bright nebulosity, one of the historic character-
istics of FU Ori objects.

The only spectroscopic difference between PR Ori B
and bona fide FU Ori objects is the presence of emission
in Ha and He T A10830. However, other H lines are
detected in absorption, as expected. Emission in He I
A10830 is also detected in the FU Ori object Gaia2lbty
(Siwak et al. 2023) and may be produced in a strong
outflow.

In this section, we derive the properties of PR Ori B in
an FU Ori outburst and of the progenitor. The accretion
rates for FU Ori outbursts are typically measured either
from the maximum temperature (e.g. Carvalho et al.
2023) or from SED models (e.g. Nagy et al. 2023), or
even more simply just from the absolute magnitude in
specific bands (Liu et al. 2022; Carvalho & Hillenbrand
2024). These approaches first require measurements of
the extinction.

6.1. FEstimates of extinction during the outburst

The extinction Ay of PR Ori B is estimated by com-
paring photometry and flux-calibrated infrared spectra
to other FU Ori objects, and separately through disk
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model fits to the optical-IR SED. These methods yield
discrepant results, which are left unresolved in this pa-
per. Accretion rate estimates in the next section are
provided for this full range of extinctions.

Near-IR photometry: During outburst PR Ori B
shows J — Ky = 1.76 + 0.02 mag. This is 0.40 £ 0.04
mag redder than the J — Ky = 1.36 £ 0.03 color of
FUOri from 2MASS photometry. Using the excess of
0.4 mag and the extinction law of Gordon (2024), we
estimate the reddening towards PR Ori B as Ay =
(0.4/0.165) + Ay (FU Ori). Taking Ay = 1.5+ 0.2 mag
for FU Ori (Connelley & Reipurth 2018), we determine
Ay = 3.9+ 0.3 mag for PR Ori B.

Near-IR spectroscopy: following the procedure of Con-
nelley & Reipurth (2018), we redden the spectrum of
FUOri (taken from the observations in Connelley &
Reipurth 2018) until we match that of PR Ori B. A
value of Ay = 1.6 + 0.2 mag provides an acceptable
match. Finally, we add the extinction towards FU Ori
of Ay = 1.54£0.2 mag to determine Ay = 3.1+£0.3 mag.

Model SED fits to optical and near-IR photometry:
Model fits to optical to near-IR fluxes, described be-
low, lead to models with Ay between 1 and 1.7 mag. In
addition, these models require inclinations that are close
to ~80°, larger than the value derived from the analy-
sis of ALMA data (Section 2.10) and likely inconsistent
with the outflow seen only in one lobe (Figures 1 and 8).
Reproducing the optical photometry would require cal-
culating the radiative transfer, including the scattering
surfaces (see for example SED models in Whitney et al.
2003). Model fits with Ay = 3.1 mag fail to recover
the optical SED but fit the near-IR photometry well,
consistent with the other two methods (see discussion
in Section 6.2).

6.2. FEstimates of accretion rate during the outburst

The viscous heating of a disk is described from the the-
oretical framework of Shakura & Sunyaev (1973). The
accretion rate can then be measured from the energy
released with models or with measurements of the max-
imum temperature in the inner disk. In this paper, we
use models, either directly or from bolometric correc-
tions based on models.

Table 3 shows the accretion rates estimated from indi-
vidual bands (Carvalho & Hillenbrand 2024), the WISE
bands (Liu et al. 2022), and full fits to optical and in-
frared photometry (following similar implementations
by Késpal et al. 2016 and Nagy et al. 2023). Most of
the accretion luminosities estimates fall between 23-53
L), leading to accretion rates of ~ 4 x 1076 to ~ 107°
Mg yr—! (with M, = 0.85 Mg, since Lace X MaceM,).

The SED model is calculated by integrating black-
body emission in concentric annuli between the inner
disk radius and the outer disk radius. The disk uses a
fixed inner radius of 2.3 R, based on the estimate of
stellar radius from the quiescent luminosity and effective
temperature. We fit the SED using various values of
the inclination angle. We find that inclination angles as
large as 80° are required to fit the flux of PR Ori B. This
is larger than the 64° derived by Reipurth et al. (2018),
based on the inclination of the HH object, and from our
ALMA observations (47°, see Section 3.4).

The SED fits with low Ay reproduce optical emission
but overpredict the infrared, including JH K colors that
are too blue. The fits with Ay = 3.1 mag provide good
fits to JH K but severely underpredict optical emission
(see Fig. 15). As a consequence, changing the Ay does
not have as significant effect as would be expected in the
accretion rate measurements.

The failure to reproduce both the optical and infrared
emission may point to either a deficiency in the disk
model or unsteady accretion in the disk. Fits of this
model to other FUor outbursts have been much more
successful in reproducing the optical-IR, SED (e.g. Kun
et al. 2019; Nagy et al. 2023). If the accretion rate in
the innermost disk is higher than at slightly larger radii,
the high temperature emission would produce optical
emission but less infrared emission. In addition, most
models underpredict the L-band emission, perhaps indi-
cating an extra envelope component. The non-negligible
contribution of scattered light to optical data (Carvalho
et al. 2025, see e.g. V883 Ori in) could also explain the
problems with the fits.

Table 3. Accretion rate estimates from different methods

MJD Type Av i L M Ref
60362 W1=6.2, W2=5.6 3.1 n/a 23 ~74x107% Liu22
60331 G=11.3 3.1 64° 43 ~45x107% CH24
60362 W1=6. 3.1 64° 26 ~46x107% CH24
60362 W2=5.3 3.1 64° 27 ~4x107° CH24
59985 SED 2.2 80° 47 ~81x107% KI6
59985 SED 3.1 80° 53 ~91x107% KI6
59985 SED 1.0 80° 29 ~5x107% Ki16
59985 SED 1.7 80° 79 ~14x107° K16

Liu22: Liu et al. (2022); CH24: Carvalho & Hillenbrand (2024);
K16: Késpal et al. (2016)

6.3. The evolution of the outburst

The rise to maximum light does not resemble the
smooth rise observed in the majority of known FUors.
The light curve from PR Ori B includes two fades.
The first occurs from MJD = 58000 — 58700 (Septem-
ber 2017 to August 2019), when PR Ori B fades by
AG = 3.8 mag and AW1 = 0.8 mag. The mid-IR
brightness change cannot easily be explained by extinc-



tion. Using the extinction curve of Gordon (2024) with
Ag/Awi ~ 21.1, the G band fade should lead to a
change in W1 of 0.18 mag, much less than the 0.8 mag
that is observed. Although variable extinction could
play a role in this drop in flux, the large amplitude in-
dicates that the first fading is likely driven by a drop in
the accretion rate. Similar drops in accretion rate after
the initial outburst have been observed in other FUors
such as HBC 722 (e.g. Késpél et al. 2016).

PR Ori B starts to become brighter again after MJD~
58000 (September 2017). In the mid-IR, the source get-
ting brighter and bluer, consistent with an increase in
the accretion rate of the system (e.g. Liu et al. 2022).
Then, PR Ori B shows a second optical fading event at
MJID~ 59400 (July 2021), with AG = 1.7 mag, at the
same time as a sudden increase in mid-IR emission, with
AW1 ~ 1.2 mag. Brighter mid-IR emission and fainter
optical emission may be explained by an increased scale
height of the inner disk, which can lead to higher optical
extinction and larger surface area of warm dust (Bryan
et al. 2019; Covey et al. 2021, see also the scenario for
near-IR colors during accretion bursts of EC 53, Lee
et al. 2020), or perhaps a dusty wind (e.g. Petrov et al.
2019; Kadam et al. 2025)

Though uncommon, two recent FU Ori objects had
temporary decays. HBC 722 faded by ~ 1.5 mag over
5 months, which was explained by a decrease in the ac-
cretion rate of the system (Kdspdl et al. 2016). The
recently discovered FUor, 1.222_78, shows a decline in
its optical light curve while remaining constant at in-
frared wavelengths, caused by an increase in extinction
towards the system by Ay = 1 mag (Guo et al. 2024b).
PR Ori B shows both of these phenomena.

There is no evidence of a lag time between the mid-IR
and optical light curves of PR Ori B, as predicted in
some models (e.g. Masley & Hartmann 2025). Such de-
lays have been associated with an inside-out outburst in
other FUors (Gaial7bpi, Gaial8dvy, Hillenbrand et al.
2018; Szegedi-Elek et al. 2020). However, the detection
of lag times shorter than ~1 year may be difficult due
to the cadence of WISE observations.

6.4. FEwvidence of silicate crystallization during the
outburst

The presence of crystalline silicates in comets (Lisse
et al. 2006) suggests that dust processing at high tem-
peratures and subsequent transport towards the outer
regions of the disk occurred early in the formation of
stars. Episodic accretion events may be a pathway for
silicate processing in the inner disk. Evidence of crystal-
lization has been detected in the outbursts of EX Lupi
(Abrahdm et al. 2009; Juhész et al. 2012) and EC 53
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(Lee et al. 2026). The detection of a nested outflow in
EC 53 is consistent with magnetohydrodynamic wind
models, providing a mechanism for the outward trans-
port of crystalline silicates (Lee et al. 2026).

We search for evidence of crystallization in the out-
burst of PR Ori B by comparing the VLT /VISIR ob-
servations taken during outburst, with the Spitzer/IRS
quiescent observations from 2007 (Fig. 16). The VISIR
spectrum is resampled to the lower resolution of the
Spitzer/IRS spectrum.

The ratio of VISIR to Spitzer/IRS flux (bottom plot in
Fig. 16) shows clear peaks at ~11.2 and ~11.9 ym, cor-
responding to emission by crystalline forsterite (the Mg-
rich form of olivine). The enstatite feature at ~9.2 um
is not definitively detected. The broad emission with
a peak at ~ 9pum is likely associated with amorphous
silica (Francis et al. 2009) and crystalline quartz (Zei-
dler et al. 2013). These changes indicates the increase in
emission from silica as it is heated during the outburst
and the production of quartz in the hot inner disk.

We do not have data at longer wavelengths to discard
whether the emission originated from pre-existing crys-
talline silicates (observations at A > 16 um are used as
evidence in Abrahdm et al. 2009; Lee et al. 2026). Fu-
ture JWST observations could help to confirm that we
are observing in-situ formation of crystals in the out-
burst of PR Ori B.

7. CONCLUSIONS

In this work we have shown that PR Ori B is the driver
of the high-amplitude variability that was detected by
the Gaia, ASAS-SN and WISE/NEOWISE surveys to-
wards the binary system, PR Ori. The amplitude of the
outburst is AG = 5 mag, with a peak accretion rate of
~ 4 —14 x 107% Mg yr=!. The luminosity of the star
increased by a factor of 10-20. The peak accretion lumi-
nosity and rate is lower than average for FU Ori objects
(see compilation by Contreras Pena et al. 2025).

The striking similarities between the pre-outburst ab-
sorption spectra of PR Ori A and B means that we are
unable to fully determine the photospheric properties of
PR Ori B from existing optical spectra. Although there
are complications in the interpretation of the spectra
arising from this binary system (see also Lee & Connel-
ley 2026), the near-IR spectra of PR Ori B clearly shows
the change from a late K-type star during quiescence to
a viscously heated disk during outburst.

FUOri events are rare in Class II objects, with
timescales of one per 10° yr (Contreras Pefia et al. 2019).
Similar events in younger Class I and Class 0 protostars
may be more common (e.g. Scholz et al. 2013; Fischer
et al. 2019; Park et al. 2021; Zakri et al. 2022; Contr-

eras Pena et al. 2024) but are optically faint and diffi-
cult to confirm and study spectroscopically. Only a few
confirmed FU Ori objects are located within 1 kpc (see
the catalogs in Audard et al. 2014, Contreras Pena et al.
2025 and recent discoveries, for example results from the
VVV Survey in Guo et al. 2024a). PR Ori B is located in
Orion, one of the closest and best-studied star-forming
regions. Reipurth et al. (2018) found that shocks in the
outflow occur at intervals of hundreds of years, which
may indicate that PR Ori B has had frequent, repeated
bursts in the past.

The discovery of a likely FU Ori-type outburst in
Orion means that we have extensive archival data of
the pre-outburst star and photometry before the start
of the burst. The nearby distance will allow high an-
gular resolution observations to probe the physics in
the inner disk. The distance and low extinction also
means that the source is optically bright — the second
brightest FU Ori or FU Ori-like object known at opti-
cal wavelengths (from comparing with known sources
in OYCAT, Contreras Pena et al. 2025). PR Ori B is
only about one mag fainter than FU Ori in g-band with
ASAS-SN and in G with Gaia, with the possibility that
the eruption brightens in the future.

Future observations will also be powerful in evaluat-
ing changes in the disk that result from the increased
luminosity. Sub-mm ALMA observations obtained on
2019 Dec 12 (MJD 58829), just months before the sharp
rise in the mid-IR, establishes a baseline to evaluate any
increase in the dust temperature.
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