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Abstract

We have discovered that the Hα emission-line star Haro 5-2, located in the 3–6Myr old Ori OB1b association, is a
young quadruple system. The system has a 2+2 configuration, with an outer separation of 2 6 and with resolved
subarcsecond inner binary components. The brightest component, Aa, dominates the A-binary; it is a weak-line
T Tauri star with spectral type M2.5±1. The two stars of the B component are equally bright at J, but the Bb star is
much redder. Optical spectroscopy of the combined B pair indicates a rich emission-line spectrum with a M3±1
spectral type. The spectrum is highly variable and switches back and forth between a classical and a weak-line
T Tauri star. In the near-IR, the spectrum shows Paschen β and Brackett γ in emission, indicative of active
accretion. A significant mid-IR excess reveals the presence of circumstellar or circumbinary material in the system.
Most multiple systems are likely formed during the protostellar phase, involving flybys of neighboring stars
followed by an inspiraling phase driven by accretion from circumbinary material and leading to compact
subsystems. However, Haro 5-2 stands out among young 2+2 quadruples, as the two inner binaries are unusually
wide relative to the separation of the A and B pair, allowing future studies of the individual components. Assuming
the components are coeval, the system could potentially allow stringent tests of pre-main-sequence evolutionary
models.

Unified Astronomy Thesaurus concepts: Pre-main sequence stars (1290); Binary stars (154); Multiple stars (1081);
T Tauri stars (1681); Young stellar objects (1834)

Materials only available in the online version of record: data behind figures, machine-readable table

1. Introduction

The majority of stars are born as part of binary or multiple
systems (for reviews, see Duchêne & Kraus 2013; Reipurth
et al. 2014; Offner et al. 2023). It has even been suggested that
all stars are born in binaries or multiples, and that the
distribution of singles, binaries, and triples, etc. observed in the
field is the result of subsequent dynamical interactions
(Larson 1972). This is consistent with simulations (Delgado-
Donate et al. 2004) and observations, which show an excess of
binaries among T Tauri stars (TTSs) compared to the field (e.g.,
Reipurth & Zinnecker 1993) and an even higher multiplicity
fraction among embedded protostars (Connelley et al. 2008;
Chen et al. 2013).

While triple stellar systems have been studied extensively,
both observationally as well as numerically, quadruple systems
have received much less attention.
It is well established that a nonhierarchical quadruple system

is unstable, and will quickly transform into a hierarchical either
2+1+1 or 2+2 configuration or break up by ejecting a single
or binary star.
Many quadruple systems are known, most of them found in

recent years through major sky surveys (e.g., Kostov et al.
2022, 2024). Most famous of all is ò Lyrae, a system of four
similar A-type stars, which was first noticed by William
Herschel.13

Detailed observational studies of quadruple systems have
until recently been limited, reflecting the rarity of such systems.
With the advent of deep all-sky surveys, the number of
quadruple systems is rapidly increasing (e.g., Zasche et al.
2019; Fezenko et al. 2022). Although such surveys have
inherent biases, they still offer new insights into the properties
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13 Herschel writes about ò Lyrae on 1778 August 29: “A very curious double–
double star. At first sight it appears double at some considerable distance, and
by attending a little we see that each of the stars is a very delicate double
star”—Pratt & Gledhill (1880).
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of quadruple systems, in particular the double eclipsing
systems (Vaessen & van Roestel 2024).

A statistical study of multiplicity in F–G stars was performed
by Tokovinin (2014), who finds the following percentages for
singles, binaries, triples, and quadruples: 54%, 33%, 8%, and
4%. Among these quadruples, the number of 2+2 systems is
higher than the 2+1+1 systems. Raghavan et al. (2010) and
Riddle et al. (2015) also found a preponderance of 2+2
systems.

An understanding of this difference must be found in the
early stages of evolution of quadruple systems shortly after
they are formed, and hence the study of newborn quadruple
systems is important. Only a few 2+2 quadruple pre-main-
sequence (PMS) systems are known, among others HD 98800
(e.g., Prato et al. 2001; Zúniga-Fernández et al. 2021), FV Tau
and J4872 (Correia et al. 2006), LkCa 3 (Torres et al. 2013),
2M0441+2301 (Todorov et al. 2010; Bowler & Hillenbrand
2015), EPIC 203868608 (Wang et al. 2018), and especially
GG Tau (e.g., White et al. 1999; Dutrey et al. 2016), with
which Haro 5-2 has a remarkable similarity in terms of
configuration. Most recently, TIC 278956474 was found with
the Transiting Exoplanet Survey Satellite (TESS) mission to
consist of two low-mass short-period eclipsing binaries, with an
age of 10–50Myr (Rowden et al. 2020).

We here present the discovery of a new 2+2 PMS system
known as Haro 5-2, located at 5:35:07.5, −2:49:00 (2000) in
the Ori OB1b association (Haro & Moreno 1953). We provide
detailed optical/IR imaging and spectroscopy, and discuss the
properties and possible formation scenarios of this system.

2. Observations

One of us (B.A.S.) identified Haro 5-2 as a binary and it was
included as SKF2259 in The Washington Visual Double Star
Catalog (Mason et al. 2022). It was subsequently observed on
UT 2014 November 9 using the Robo-AO autonomous laser
adaptive optics system at the Palomar 1.5 m telescope (Baranec
et al. 2014). We performed the observations using a long-pass
filter with a cut-on wavelength of 600 nm and with a total
exposure time of 3 minutes. The Ba–Bb pair is well resolved.
The Aa component has an approximate image width of 0 15,
with a nonresolved elongation in the direction of Ab. The
elongation was not present in the images of any other stars in
the field, so we suspected this was due to an unresolved
companion. To investigate this possibility, we observed Haro
5-2 with the NIRC2 instrument behind the Keck II adaptive
optics system on UT 2015 August 5. We obtained six 30 s
exposures with the Kp filter and then five 30 s exposures with
the H filter. All four components of the Haro 5-2 system are
well resolved in the Kp images, while the seeing degraded
rapidly during the H-band observations, making it difficult to
resolve the Aa–Ab pair. More detailed observations are
required to search for additional components, as found in the
similar GG Tau system (Di Folco et al. 2014).

Direct images of Haro 5-2 were obtained on UT 2015
August 27 at the Gemini-North telescope with NIRI (Hodapp
et al. 2003) at f/32 (0 02 pixels) and adaptive optics; see
Figure 1. In the J and H bands, a 3× 3 mosaic was obtained
with individual 3 s exposures, in total 81 s, while in the K band
the exposures totaled 162 s.

Haro 5-2 was observed with GNIRS (Elias et al. 2006) at the
Gemini-North telescope on UT 2015 September 15 in a seeing
of 0 5, using 0 05 pixels and the 10 l mm−1 grating in cross-

dispersed mode. A 0 15 wide slit with a length of 5 1 was
placed along the Aa–Ab pair at position angle 47°. 12
exposures each of 60 s were acquired while nodding ±1 5
along the slit. The pair was not resolved. The slit was then
changed to a position angle of 54°.3 and placed along the Ba–
Bb pair. 12 exposures each of 120 s were acquired. The two
components could be resolved at H and K, but not at J, and
separate spectra were extracted in H and K. The unresolved
Aa–Ab pair was reduced with the Gemini pipeline, while the
Ba–Bb pair was reduced by using IRAF (Tody 1986, 1993) and
Figaro (Currie et al. 2014).
We obtained spectroscopy of the Haro A and B components,

separated by 2 62, with the Goodman High Throughput
Spectrograph (GHTS; Clemens et al. 2004), installed on the
SOAR 4.1 m telescope on Cerro Pachón, Chile. We used
available time slots during the engineering nights of 2021
October 19 and November 18, 2022 November 9, and 2023
January 6 and March 9, for a total time span of about 1.4 yr.
GHTS is a highly configurable imaging spectrograph that

Figure 1. Top: Haro 5-2 is located in a little studied part of Orion, west of
σ Ori and south of ò Ori, both of which are associated with groups of low-mass
young stars. Image from ESASky. Bottom: near-IR JHK color composite of
Haro 5-2 obtained with adaptive optics on the Gemini-North telescope. The
small blue halos are due to a slight elongation of the J image.
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employs all-transmissive optics and volume phase holographic
gratings, resulting in high throughput for low- to moderate-
resolution spectroscopy over the 320–850 nm wavelength
range. We used the Goodman RED camera, which uses a
deep-depletion CCD that provides extended sensitivity into the
red end of the spectrum with minimal fringing. The spatial
scale of the Goodman detector is 0 15 pixel−1, and the slit was
set at a position angle of 214°.7, with the Atmospheric
Dispersion Corrector active.

We configured the spectrograph for both low- and high-
resolution setups. For the low-resolution setup, we used the
400 l mm−1 grating in its 400M1 and 400M2+GG 455 filter
preset modes, with 2× 2 binning. These two configurations
combined span the wavelength range ∼3600 λ 9000Å.
We used the 1″ wide long slit, which yields an FWHM
resolution= 6.7Å (equivalent to R= 830). We used exposure
times of 120 s for the brighter Haro 5-2A and 300 s for the
fainter Haro 5-2B. A total of 21 low-resolution spectra were
obtained for Haro 5-2A (13 in the 400M1 setup and eight with
the 400M2 setup), while 25 spectra were obtained for Haro
5-2B (13 with the 400M1 setup and 12 with the 400M2 one),
during a time window of nearly 506 days or about 1.4 yr, from
UT 2021-10-20 to UT 2023-03-10 (Table 1).

For the higher-resolution spectra, we used the 2100 l mm−1

grating centered at 650 nm, with the 0 45 long slit, and 1× 2
binning. This setup produces an FWHM resolution of 0.45Å
(or R= 11,930), spanning 565Å, from 6140Å to 6705Å. Our
choice of ×2 binning in the spatial direction improved the
signal-to-noise ratio (S/N), while still matching the median
0 7 seeing at SOAR. We obtained 3× 900 s exposures for the
A component and 3× 1200 s exposures for the B component.
We took a total of six higher-resolution spectra for each of the
A and B components, three each on 2021 October 21 and three
each on 2021 November 19 (Table 1). The basic CCD

reduction, up to and including the extraction of the 1D spectra,
was carried out using the Goodman Spectroscopic Pipeline
(Torres-Robledo et al. 2020). The wavelength calibration and
final combination of the spectra were done with IRAF. We did
not perform flux calibration, since the main purpose of our
follow-up spectroscopy was to characterize each component:
determining its spectral type, measuring line equivalent widths,
and determining its accretion status. We measured equivalent
widths of spectral features using the splot routine in IRAF. The
S/N of the individual spectra was typically ∼20–25 at Hα,
sufficient for measuring equivalent widths down to ∼0.05Å, at
our highest spectral resolution of ∼0.45Å FWHM. In
Figures 4 and 5, we show the combined spectra of Haro 5-2
obtained with the low-resolution and the higher-resolution
setups, respectively. We measured equivalent widths in each of
the individual spectra. The uncertainty values quoted in
Tables 2 and 3 are the actual dispersion in measurement values.
On the same nights that we obtained optical spectra on

SOAR, we also obtained near-IR spectroscopy resolving the
Haro 5-2A and B components using the TripleSpec 4.1 (TSpec)
near-IR spectrograph (Schlawin et al. 2014). The fixed-format
slit is 1 1 wide and 28″ long. The spectral resolution is
R∼ 3500 across the six science orders. We obtained three
ABBA sequences for each A and B component, using exposure
times of 30 s for both components, with Fowler Sampling 4.
The telluric standard HIP 26812 was observed contiguous with
Haro 5-2; a single ABBA sequence was obtained at the same
airmass, with an exposure time of 5 s, two coadds, and Fowler
Sampling 1. The slit position angle was set at 214°.7. The data
were reduced in the standard way using the customized version
of the IDL Spextool package (Cushing et al. 2004) that was
modified by Dr. Katelyn Allers for use with TSpec at SOAR.
Haro 5-2 was observed by TESS in its sector 6 (2018

December 11 to 2019 January 7) and sector 32 (2020

Table 1
SOAR Goodman GHTS Observations of Haro 5-2

Component UT Date Setup Slit Binning Exposures
(yyyy-mm-dd) (arcsec) (N × s)

A 2021-10-20 400M1 1.0 2 × 2 3 × 120
A 2021-10-20 400M2 1.0 2 × 2 3 × 120
B 2021-10-20 400M1 1.0 2 × 2 3 × 120
B 2021-10-20 400M2 Brice1.0 2 × 2 3 × 120
B 2021-10-20 400M1 1.0 2 × 2 3 × 300
B 2021-10-20 400M2 1.0 2 × 2 3 × 300
A 2021-10-21 2100_650 0.45 1 × 2 3 × 900
B 2021-10-21 2100_650 0.45 1 × 2 3 × 1200
A 2021-11-19 400M1 1.0 2 × 2 3 × 120
A 2021-11-19 400M2 1.0 2 × 2 3 × 120
B 2021-11-19 400M1 1.0 2 × 2 3 × 300
B 2021-11-19 400M2 1.0 2 × 2 3 × 300
A 2021-11-19 2100_650 0.45 1 × 2 3 × 900
B 2021-11-19 2100_650 0.45 1 × 2 3 × 1200
A 2022-11-10 400M1 1.0 2 × 2 3 × 120
B 2022-11-10 400M1 1.0 2 × 2 1 × 300
A 2022-11-10 400M2 1.0 2 × 2 1 × 120
B 2022-11-10 400M2 1.0 2 × 2 1 × 300
A 2023-01-07 400M1 1.0 2 × 2 1 × 200
B 2023-01-07 400M1 1.0 2 × 2 1 × 400
A 2023-01-07 400M2 1.0 2 × 2 1 × 200
B 2023-01-07 400M2 1.0 2 × 2 2 × 400
A 2023-03-10 400M1 1.0 2 × 2 3 × 200
B 2023-03-10 400M1 1.0 2 × 2 2 × 600
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Table 2
Equivalent Widths in SOAR Low-resolution Spectra of Haro 5-2

Component Spectral Type Type UT DATE W(Hα) W(Hβ) W(Li I) W(Na I) W(Ca II 8498) W(Ca II 8542) W(Ca II 8662)
(yyyy-mm-dd) (Å) (Å) (Å) (Å) (Å) (Å) (Å)

A M2.5 W 2021-10-20 −4.3 ± 0.1 −2.7 ± 0.1 0.4 ± 0.1 1.8 ± 0.1 0.2 ± 0.1 1.2 ± 0.1 0.9 ± 0.1
A M2.5 W 2021-11-19 −4.1 ± 0.2 −2.6 ± 0.1 0.4 ± 0.1 1.7 ± 0.1 0.2 ± 0.1 1.3 ± 0.1 1.0 ± 0.1
A M2.5 W 2022-11-10 −3.7 ± 0.1 −3.0 ± 0.1 0.2 ± 0.1 1.2 ± 0.1 0.3 ± 0.1 0.5 ± 0.1 0.6 ± 0.1
A M2.5 W 2023-01-07 −4.2 ± 0.2 −3.1 ± 0.1 0.3 ± 0.1 1.8 ± 0.1 0.6 ± 0.1 1.1 ± 0.1 0.9 ± 0.1
A M2.5 W 2023-03-10 −3.3 ± 0.1 −1.8 ± 0.1 0.2 ± 0.1 L L L L
B M3 C 2021-10-20 −20.3 ± 0.3 −5.8 ± 1.3 0.4 ± 0.1 1.8 ± 0.1 0.1 ± 0.1 0.3 ± 0.2 0.4 ± 0.1
B M3 C 2021-11-19 −37.5 ± 0.8 −12.0 ± 0.5 0.3 ± 0.1 1.7 ± 0.1 −2.34 ± 0.1 −1.6 ± 0.1 −1.3 ± 0.1
B M3 C 2022-11-10 −11.7 ± 0.1 −4.3 ± 0.1 0.3 ± 0.1 1.2 ± 0.1 −0.6 ± 0.1 −0.3 ± 0.1 −0.3 ± 0.1
B M3 C 2023-01-07 −24.6 ± 0.7 −5.6 ± 0.1 0.3 ± 0.1 1.5 ± 0.1 −1.2 ± 0.1 −0.9 ± 0.1 −1.0 ± 0.1
B M3 C 2023-03-10 −24.6 ± 2.0 −6.9 ± 2.0 0.2 ± 0.1 L L L L

Notes.
(1): C = classical TTS; W = weak-line TTS.
(2): For the Na I doublet, we report the combined equivalent width of the 8183 Å and 8195 Å lines.

(This table is available in machine-readable form in the online article.)
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November 19 to 2020 December 17) campaigns, which lasted
approximately 27 days each. Known as TIC 427380741 in the
TESS Input Catalog, Haro 5-2 was monitored in full-frame
image (“FFI”) mode. Sector 6 images were acquired at a
cadence of 30 minutes, while those for sector 32 were taken
every 10 minutes. The TESS mission data products for FFI
targets do not include light curves, and so we downloaded
stacked 15× 15 pixel cutout images in the form of target pixel
files (TPFs) using the lightkurve package (Lightkurve
Collaboration et al. 2018). In these images, Haro 5-2 appears
clearly in the center, approximately two pixels offset from the
nearest relatively bright source. To create a lightcurve, we
placed a 3× 3 pixel square aperture on the source, summing
the flux at each available time. lightkurve was used to
carry out this procedure, as well as to subtract out a star-free
average background. TESS light curves of different targets
often exhibit common systematic trends due to scattered light,
which can be removed by detrending against flux time series of
pixels outside the target aperture. We employed the light-
kurve RegressionCorrector class to remove low-level trends
in the Haro 5-2 light curves, using the top two principal
component vectors. We ultimately removed points for which
the original image TPF data were flagged in the TESS pipeline
as being contaminated by stray light. The resulting light curves
displayed a series of significant undulations on a range of
timescales, similar to what was seen in the raw time series.

3. Observational Results

3.1. Haro 5-2

Haro 5-2, also known as 2MASS J05350753-0248596 and
ESO-Hα 1108 (Pettersson et al. 2014), is located in the
Ori OB1b association. As discussed in the following, we
conclude that it is a young stellar object (YSO), based on its
Hα emission, its mid-IR excess, its irregular variability, and its
location within a star-forming region.

In the first survey for Hα emission stars in the σOri region,
Haro & Moreno (1953) discovered 98 objects, including
Haro 5-2, which was also detected in the Hα emission-line
survey by Weaver & Babcock (2004). The σOri cluster has an
age of 3–5Myr and contains several hundred young low-mass
stars (e.g., Caballero 2008a; Hernández et al. 2014; Koenig
et al. 2015).

Haro 5-2 is located in a little studied region southwest of the
cluster of young stars surrounding the O9.5 V multiple star
σOri. Schaefer et al. (2016) measured the distance to σOri
itself as 387.5± 1.3 pc, while Caballero (2018) used Gaia DR2
for all known members of the σOri cluster to derive a mean
distance of 391± 44 pc.

Caballero (2008b) stated that “the cluster seems to have two
components: a dense core that extends from the center to
r∼ 20′ and a rarefied halo at larger distances.” This halo

extends to ∼30′, whereas Haro 5-2 has a separation to σOri of
almost 1°. Consequently, Haro 5-2 may alternatively be part of
the loose clustering Collinder 70 surrounding òOri, also known
as Alnilam (Collinder 1931; Caballero & Solano 2008). The
σOri and Collinder 70 populations together form the subgroup
Ori OB1b, defined by Blaauw (1964). Kounkel et al. (2018)
suggest that Ori OB1b is located at a distance of 357± 3 pc and
has an age of 3–6Myr. Figure 1(a) shows the location of
Haro 5-2 relative to σOri and òOri.
Haro 5-2 is not an isolated Hα emission star; Haro &

Moreno (1953) found three other Hα emitters, Haro 5-1, 5-3,
and 5-4, within a few arcminutes, and within 10′, Pettersson
et al. (2014) found another five: ESO-Hα 1011, 1014, 1050,
1146, and 1364. A variable YSO, V2070 Ori, is also located
close to Haro 5-2. Using Gaia DR3 parallaxes for the stars in
this little group (omitting the multiple system Haro 5-2 itself
and also Haro 5-3, for neither of which Gaia has a parallax)
suggests a mean distance of 373± 13 pc, which we adopt.
Haro 5-2 is not directly associated with any cloud, but a

small cloudlet, Dobashi 4834, is located about 15′ to the
southwest (Dobashi 2011) and is part of the shell of gas and
dust that has been pushed away from the central O star σOri;
see Figure 1 of Koenig et al. (2015), which shows a Wide-field
Infrared Survey Explorer (WISE) three-color image mosaic of
the region.
Given their youth, the components of Haro 5-2 are likely to

be variable, and a g-lightcurve from ASASSN (Shappee et al.
2014; Kochanek et al. 2017) of the integrated system light
indeed shows irregular variability over a 5 yr period, with
characteristic amplitudes of 0.1–0.2 mag. TESS has observed
the region including Haro 5-2 on two occasions (see Section 2)
and the light curves are shown in Figure 2. The light curves
vary with peak-to-peak amplitudes of ∼7% and are largely of a
stochastic type that may indicate accretion variability (Cody
et al. 2014). This irregular variability likely originates in the B
components, of which at least one is a classical TTS (CTTS;
see Section 3.3.2). In addition, the data from sector 32 exhibit
several upward excursions of a few percent amplitude that are
reminiscent of distinct accretion bursts (Cody et al. 2017).
Since we are viewing the combined light of several stars, it is

possible that multiple variability types are represented in the
time series. For each lightcurve, we computed a Fourier
transform periodogram and searched for persistent signals. We
find one tentative periodicity in common between both TESS
light curves, at a timescale of 1.33 days (sector 6) to 1.36 days
(sector 32) and an amplitude of ∼0.7%. These detections are
tentative, since the light curves are dominated by higher-
amplitude stochastic behavior; the S/N in the periodogram is
3.2 (sector 6) to 3.6 (sector 32), whereas a secure detection
would require an S/N value of at least 4.0 (e.g., Breger et al.
1993). If real, the possible periodic signals could be indicative
of starspots on one member of Haro 5-2, probably component
Aa, which is significantly brighter than the other stars.

3.2. IR Imaging

Figure 1(b) shows a multicolor JHK image of Haro 5-2,
obtained with adaptive optics at the Gemini-North 8 m
telescope, in which Haro 5-2 is well resolved as a 2+2
quadruple system. What makes Haro 5-2 of particular interest is
that the two close pairs have rather large projected separations
Aa–Ab and Ba–Bb relative to the projected separation of A–B
compared to other PMS quadruple systems. If not purely a

Table 3
Hα Emission Line in SOAR High-resolution Spectra of Haro 5-2

Component UT DATE W(Hα) W10(Hα)
(yyyy-mm-dd) (Å) (km s−1)

Haro 5-2A 2021-10-21 −7.08 ± 0.13 198.6 ± 3.6
Haro 5-2A 2021-11-19 −3.69 ± 0.03 165.7 ± 2.7
Haro 5-2B 2021-10-21 −18.73 ± 0.24 420.8 ± 2.8
Haro 5-2B 2021-11-19 −37.73 ± 0.62 552.2 ± 2.9
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projection effect, this might be due to its youth, with the four
components still interacting before settling into a long-term
stable configuration in which the inner binaries have hardened.

We have measured the separations for the three pairs and
determined the following separations for Aa–Ba: 2 61
(975 au); Aa–Ab: 0 19 (72 au); and Ba–Bb: 0 35 (131 au).
Also, Andrei Tokovinin kindly observed the system with the
high-resolution speckle camera at the SOAR telescope
(Tokovinin et al. 2022) and these values are listed in
Table 4. The projected separation of the A and B binaries of
about 1000 au may suggest a period around 30,000 yr. The
closest binary, Aa–Ab, has a period of ∼1000 yr, which will be
measurable in a time span of a few years.

Photometry of the components from the Gemini data on UT
2015 August 27 yields:

Aa: K= 11.53H−K= 0.40;
Ab: K= 12.34H−K= 0.30;
Ba: K= 12.46H−K= 0.34; and
Bb: K= 12.54H−K= 0.92.

The uncertainties in H and K are around 0.02 mag. While the
three brighter components have roughly the same colors, Bb is
extremely red, suggesting that this component is either highly
extincted, has a strong near-IR excess, or a mixture of the two.

Haro 5-2 has been detected in a number of sky surveys, from
the ultraviolet (Skymapper) to the mid-IR (WISE). Figure 3
shows the available photometry together with four WISE
panels that reveal the system to be bright at IR wavelengths.
We have integrated over the energy distribution of the
quadruple, and derive a luminosity of 0.95 Le between 0.35

and 22 μm. The peak of the energy distribution is around
1.05 μm, which corresponds to about 2760 K. According to the
temperature–spectral type conversion by Herczeg & Hillen-
brand (2014), this corresponds to an M7 spectral type. As
discussed below, this classification is not borne out by
spectroscopy. The energy distribution, although dominated by
the brightest member, Aa, is not from a single object, but
includes the three fainter components, thus shifting the peak in
Figure 3 to longer wavelengths. Also, Haro 5-2 shows Hα
emission, a sign that accretion is occurring and indicating the
presence of circumstellar material that further adds to an IR
excess. Thus, much of the light seen at longer wavelengths is
not likely to come from the dominant member Aa. In fact,
almost half of the observed luminosity, 0.43 Le, falls within the
four WISE bands.

Figure 2. TESS light curves of the combined light from the four components of Haro 5-2 from around 2018 December (Sector 6; top) and around 2020 December
(Sector 32; bottom). For Sector 6, the cadence was once every 30 minutes, and for Sector 32, it was once every 10 minutes.

Table 4
Separation and Position Angles of Haro 5-2 Pairs

Pair PA Sep. Proj. Sep. ΔI
(deg.) (arcsec) (au) (mag)

Aa,Ba 124.9 ± 0.8 2.6130 ± 0.0008 975 L
Aa,Ab 54.7 ± 0.8 0.1942 ± 0.0008 72 1.0
Ba,Bb 233.0 ± 1.3 0.3504 ± 0.0013 131 0.7

Notes.
(1): Observed by Andrei Tokovinin on 2021.7983 with the HRCam speckle
camera at the SOAR telescope in good seeing (Tokovinin et al. 2022).
(2): The data for the Ba–Bb pair are noisy.
(3): Projected separations for a distance of 373 pc.
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3.3. Optical Spectroscopy

Haro & Moreno (1953) discovered the T Tauri nature of
Haro 5-2 on the basis of its Hα emission, and it remains a
prominent Hα emission-line star (Pettersson et al. 2014).
Figure 4 shows optical low-resolution spectra of the (unre-
solved) A and B binaries, obtained with the GHTS instrument
at SOAR (Section 2).

Both the A and B binaries have the TiO absorption bands
characteristic of M-type dwarfs. By comparing our spectra with
spectra of already known M-type TTSs from the extensive
sample of Briceño et al. (2019), we assign spectral types of
M2.5 for Haro 5-2A and M3 for Haro 5-2B, with an overall
uncertainty of one subclass. As can also be seen in Figure 4,
both the A and B binaries exhibit a clear Li I 6708Å absorption
line, with equivalent widths W(Li I)∼0.3Å. Li I is a well-
known indicator of youth for late-type stars (e.g., Briceño et al.
1998, 2001; White & Basri 2003). Because lithium is depleted
during the PMS stage in the deep convective interiors of K- and
M-type stars, a late-type star is classified as a TTS if it has Li I
(6707Å) in absorption, with an equivalent width larger than
that of a zero-age main-sequence Pleiades star of the same
spectral type (Soderblom et al. 1993; García López et al. 1994).
The Na I 8183,8195Å absorption doublet is also a well-known
feature useful for discriminating young, late-type PMS stars
from their field dwarf counterparts (Martín et al. 1996; Lawson
et al. 2009; Lodieu et al. 2011; Hillenbrand et al. 2013;
Hernández et al. 2014; Suárez et al. 2017; Briceño et al. 2019).
Consistent with the presence of Li I, both Haro 5-2A and B
exhibit weak Na I absorption (Figure 4), with values expected
for TTSs with ages of a few megayears (e.g., see Figure 13 in
Briceño et al. 2019).

3.3.1. Haro 5-2A

The low- and higher-resolution spectra show that the Hα line
of the brighter A binary exhibits a small equivalent width, with
an average value W(Hα)=−3.9Å, and a range −3Å�W
(Hα)�−4Å, during the ∼1.4 yr over which we obtained
multi-epoch spectroscopy (Tables 2 and 3). In addition to the

low intensity of the emission, the Hα line profile is narrow,
200 km s−1, as measured in the high-resolution spectra
(Figure 5). These characteristics are indicative of Hα originat-
ing in the active chromosphere of a young dwarf. The low
intensity of Hα places the A binary in the weak-line TTS
(WTTS) class (see Figure 6).

3.3.2. Haro 5-2B

In contrast with its brighter sibling, Haro 5-2B shows a
strong Hα emission line, which is also broad when seen in
detail in the higher-resolution spectra. Moreover, thanks to our
many observing epochs (Tables 2 and 3), we find that the
emission is highly variable, ranging from W(Hα)=−38.5Å in
2021 November to a low W(Hα)=−11.6Å a year later, in
2022 November. We derive an average W(Hα)=−24.6Å. The
width of the Hα line ranges from ∼400 to >500 km s−1 and
exhibits a very strong, slightly blueshifted absorption, sugges-
tive of a strong wind. Moreover, the entire Balmer series is
found to be in emission (Figure 4), with −3.6W
(Hβ)−12.3Å. The Ca H and K 3934,3968Å lines are also
in emission, with equivalent widths in the range W(Ca H and
K)∼−3 to ∼−15Å. Both He I 5876Å and He I 6678Å are
also found in emission, with W(He I 5876) ∼ − 2.1Å and
W(He I 6678)∼−1.2Å. The Ca II near-IR triplet goes from
being weakly in absorption during the 2021 October observa-
tion, when Haro 5-2B was in a seemingly more quiescent state,
to being in emission, and staying in this state, from 2021
November to 2023 January. Unfortunately, we could not obtain
spectra with the reddest 400M2 configuration during the 2023
March observation. We determine average values of W(Ca II
8498)=−1.7Å, W(Ca II 8542)=−1.1Å, and W(Ca II
8662)=−1.0Å.
The rich assortment of H, He, and Ca emission lines seen in

Haro 5-2B, together with the strength of the Hα emission, the
broad wings of several hundred kilometers per second in its
line profile, and the strong, slightly blueshifted central
absorption are all indicative of a strongly accreting CTTS, as
can be seen by the location of this object in the diagnostic
diagrams of Figures 6 and 7. The blueshifted central absorption

Figure 3. Left: spectral energy distribution from SIMBAD of the integrated light from the Haro 5-2 quadruple with data from SkyMapper, the Sloan Digital Sky
Survey, PanSTARRS, Johnson, the Two Micron All Sky Survey, AKARI, and WISE. Right: WISE images with Haro 5-2, 5-3, and 5-4 marked. The field is about
0.84 pc wide at the distance of Haro 5-2.
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is seen with similar strength in both the October and November
observations.

We highlight the importance of obtaining multi-epoch
spectra and of combining low- and higher-resolution spectra,
in order to provide both the wide spectral coverage needed to
derive a reliable spectral type (Teff) and the resolving power to
characterize the Hα line profile, thus allowing the correct
classification of young PMS stars such as Haro 5-2. If we
observed this object only in November, we would have
misclassified Haro 5-2B as a WTTS or C/W (Figure 6). It is the
multi-epoch low-resolution spectroscopy, combined with the
higher-resolution spectra, that allows us to confirm that the B
component is a CTTS and that A is a WTTS. In particular, the
higher-resolution spectra show that despite variations in both
the strength of Hα and the velocity width, at both epochs, Haro
5-2A remains well inside the region populated by nonaccreting,
young, PMS low-mass stars, whereas the B-binary is well
within the region where strongly accreting young PMS stars are
found.

3.3.3. Masses

The optical spectra of Haro 5A (M2.5) and 5B (M3) are
dominated by the components Haro 5Aa and 5Ba, respectively.

If we assume a temperature uncertainty of 0.5 subtypes, we find
that Teff(Aa)∼ 3485± 80 K and Teff(Ba)∼ 3410± 100 K,
using the spectral-type-to-temperature conversion of Herczeg
& Hillenbrand (2014). For an assumed age of 3Myr, the
magnetic models of Feiden (2016) suggest that Aa has a mass
of 0.54± 0.08Me and Ba has a mass of 0.46± 0.1Me.
However, Braun et al. (2021) and Flores et al. (2022) have
shown that magnetic models overpredict masses for young stars
with M* < 0.4Me. Nonmagnetic Feiden models give
MAa= 0.35± 0.05Me and MBa= 0.31± 0.08Me. Given the
uncertainties in both spectral types and in models, we end up
with the not very accurate estimate of MAa∼ 0.45± 0.15Me
and MBa∼ 0.35± 0.15Me. The Ab and Bb components are
likely to have somewhat lower masses. A rough estimate of the
system mass is therefore ∼1.5Me.

3.4. IR Spectroscopy

The near-IR spectra of the Haro 5-2A and 5-2B (unresolved)
binaries obtained with the TSpec near-IR spectrograph at the
SOAR telescope are shown in Figure 8. Both objects display
metal absorption lines and CO bands and a triangular H-band
continuum due to water absorption, all consistent with their
optical late spectral types. The spectrum of Haro 5-2A (upper

Figure 4. Low-resolution optical spectra of the Haro 5-2A and B components, as obtained on UT 2021-11-19 with the GHTS instrument at SOAR. In the upper
panels, the M2.5 WTTS Haro 5-2A component has Hα weakly in emission. In the lower panels, the accreting M3 CTTS Haro 5-2B component has a strong Hα
emission line and the entire Balmer series is in emission. Lithium is moderately strong. Ca H and K are also found strongly in emission, as well as the He I lines.
Finally, the Ca II near-IR triplet is in emission.
(The data used to create this figure are available in the online article.)
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panel) shows no emission features, consistent with its
classification as a nonaccreting WTTS, as shown in Figures 6
and 7. In contrast, the spectrum of Haro 5-2B (lower panel)
displays strong Paschen β and Brackett γ emission lines,
indicative of active accretion. The near-IR spectra, obtained
on the same nights as the optical spectra, are thus consistent
with the optical classifications.
Line variability is always an issue when observing young

stars, and we note that a near-IR spectrum of the (blended) A
binary obtained with GNIRS on 2015 September 15 showed a
broad Paschen β line in emission, and a very weak emission at
Brackett γ, indicating that active accretion was taking place at
the time. On the same night, the B-binary was also observed
with GNIRS using adaptive optics, and the two components Ba
and Bb were resolved. The H-band spectra of the two B
components are shown in Figure 9. The spectra are almost
identical, but the Bb component shows much more veiling as
well as a redder continuum. This indicates that the deep red
color of the Bb component seen in the bottom panel of Figure 1
is not due to a much later spectral type than Ba, but rather to a
strong near-IR excess.

4. Discussion

4.1. Formation of Quadruple Systems

As pointed out by Larson (1972), multiple stars are a natural
consequence of the collapse of a rotating cloud core, and many
if not all stars may originate in such systems. Observationally,
it is well established that in most star-forming regions there is

Figure 5. High-resolution spectra of the Hα line of the Haro 5-2A and B components, obtained with the SOAR GHTS on UT 2021-11-19. Upper panel: spectrum of
the M2.5 WTTS Haro 5-2A. Lower panel: spectrum of the accreting M3-type CTTS Haro 5-2B. The vertical dashed line is set at the rest wavelength for Hα
(6562.8 Å). The blue horizontal dashed line indicates the full width of the Hα profile at 10% of its full height (White & Basri 2003).
(The data used to create this figure are available in the online article.)

Figure 6. Equivalent width of Hα (plotted as Wlog 10 H10( ( )a- ) as a function
of spectral type for Haro 5-2A and B, at each epoch for which we obtained low-
resolution spectra at SOAR. Haro 5-2A is plotted as large purple boxes, and
Haro 5-2B as large red boxes. For comparison, the Orion TTSs from Briceño
et al. (2019) are also shown: CTTSs as red circles, and WTTSs as smaller blue
dots. The separation between CTTS and WTTS as defined by White & Basri
(2003) is shown with the black dashed line, while the criterion adopted by
Barrado et al. (2011) is plotted as a dashed–dotted magenta line. The transition
region adopted by Briceño et al. (2019) between CTTS and WTTS is shown by
the pale green region where C/W objects fall (shown as green dots).
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an excess of young binaries and multiples relative to the field
population (e.g., Leinert et al. 1993; Reipurth & Zinnecker
1993). It follows that to get down to the number in the field,
there must be considerable dynamical evolution during early
stellar evolution, from N-body interactions in combination with
the presence of gas in the system.

The 2+1+1 quadruples are easily formed from small
nonhierarchical systems with four or more components through
dynamical interactions that lead to subsequent ejections of
members into distant bound orbits or into escapes (e.g.,
Delgado-Donate et al. 2004). The more common 2+2 systems,
on the other hand, have been explained in a variety of ways.

Bodenheimer (1978) suggested that successive fragmenta-
tions of a cloud core with transfer of spin angular momentum at
each stage would lead to wide binary systems in which each
component is a close binary. Such a cascade would naturally
lead to 2+2 quadruples with large ratios between inner and
outer orbits, although hydrodynamical simulations generally
show more chaotic and sequential star formation. The inner
binaries of Haro 5-2 are well above the opacity limit to
fragmentation, so this scenario might describe the formation of
Haro 5-2.

Whitworth (2001) considered a different type of cascade, in
which two colliding clouds form a shock-compressed layer that
fragments into filaments and cores and eventually form stars
with massive disks. Collisions of two disks around binaries can
form bound quadruple systems.

While turbulent core fragmentation will produce wider
binaries and multiples (100–10,000 au), simulations of this
process fail to produce the very close binaries often found in 2
+2 quadruples. To produce such close binaries, a dissipative
gaseous environment is required, in which orbital decay will
harden a binary (e.g., Bate et al. 2002; Delgado-Donate et al.
2004; Lee et al. 2019; Guszjenov et al. 2023; Kuruwita &
Haugbolle 2023).

In disk fragmentation models, massive disks can become
gravitationally unstable and produce one or more companions
and, combined with capture, 2+2 systems can be formed
(Kratter & Lodato 2016). Filament fragmentation has also been
discussed as leading to bound binaries and multiples (e.g.,
Bonnell & Bastien 1993; Pineda et al. 2015; Sadavoy &
Stahler 2017).
van Albada (1968a, 1968b) carried out N-body simulations

of small-N groups (10 to 24 stars), treating the stellar
components as point sources and noting that among the final
outcomes were a number of 2+2 quadruples. The dynamical
evolution of such gas-free quadruple systems has subsequently
been further studied by many other authors (e.g.,

Figure 7. Equivalent width of Hα as a function of the 10% width of the Hα
line profile, for Haro 5-2A (large blue boxes) and Haro 5-2B (large red boxes),
measured in the two epochs during which we obtained high-resolution spectra
at SOAR. Data are also shown for the Orion TTS from Briceño et al. (2019):
CTTSs as red dots, WTTSs as smaller cyan dots, and C/Ws as green diamonds.
The separation between CTTSs and WTTSs as defined by White & Basri
(2003) is shown with the vertical blue dashed line at 270 km s−1.

Figure 8. Near-IR spectra of Haro 5-2A and Haro 5-2B obtained with TSpec at
the SOAR telescope. Note the Paβ and Brγ emission lines in Haro 5-2B.
Wavelength intervals with strong terrestrial opacity are excluded.
(The data used to create this figure are available in the online article.)
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Harrington 1974; Mikkola 1983, 1984a, 1984b; Sterzik &
Durisen 1998).

To summarize, it appears that there are multiple viable
pathways to the formation of 2+2 quadruple stellar systems,
and the multiple systems we observe in the field may result
from a mix of different formation scenarios.

4.2. The Origin of the Haro 5-2 Quadruple System

In the following, we discuss three questions regarding the
structure, stability, and formation of the Haro 5-2 system.

(1) Is Haro 5-2 merely a chance alignment of two young
binaries along the line of sight?

We have photometric and spectroscopic evidence that the
components of Haro 5-2 are young, so we look at the surface
density of nearby young stars. In an area of roughly 25′× 30′
centered on Haro 5-2, there is a small group of only nine
additional YSOs. This immediately indicates that the prob-
ability that Haro 5-2A and Haro 5-2B are close due to a chance
alignment along the line of sight is negligible.

(2) Is Haro 5-2 a temporary quadruple or can it be in a
stable configuration?

Compared to other PMS quadruples, the most remarkable
aspect of Haro 5-2 is the large separations of the two inner
binaries relative to the outer binary when compared to other
known young 2+2 quadruple systems.14 This opens the
question of whether Haro 5-2 in the future might break apart.

For a definite answer, one would need to know the orbits of
the Haro 5-2 components, or at least the physical separations in
the system, the stellar masses, and the velocities of the
components. None of this is currently known. Instead, we have
performed some statistical estimates for a variety of system
properties. For these calculations, we have assumed that Aa has
a mass of about 0.45Me and the three other components have
masses of about 0.35Me, in total 1.5Me, which determines the
gravitational potential. We have further assumed that the
centers of mass of the two subsystems are in the plane of the

sky, since this would be the most unstable configuration, while
the orbital planes of the subsystems are random. Finally, we
adopted random velocities assuming virial balance. We then
ran a code, described in more detail in Reipurth & Mikkola
(2015), which computes semimajor axes, eccentricities, and
other orbital characteristics for bound systems. After 10,000
experiments, about one-third remained stable 2+2 quadruples.
Given that Haro 5-2 almost certainly is extended along the line
of sight and thus more stable, we conclude that the quadruple
may well be in a long-term stable configuration.
(3) Could Haro 5-2 have become a quadruple at a later

stage after dispersal of most of the placental gas?
If Haro 5-2 had already formed as a quadruple during the

embedded collapse phase, one would expect that the resulting
dynamical evolution in a gaseous environment and active
accretion would lead to a decrease of the semimajor axes of the
inner binaries, thus producing harder inner binaries (e.g., Bate
et al. 2002). This is not what is seen in Haro 5-2, which has
well-resolved inner binaries, suggesting that it might have
developed its 2+2 configuration sufficiently late to have
avoided early shrinking of the two inner binaries during the
gas-rich embedded phase. This could have resulted in two
spectroscopic binaries, as in the young 2+2 quadruples
LkCa 3, EPIC 203868608, and TIC 278956474, mentioned
earlier. Consequently, we have explored numerically the
dynamical evolution of a small cluster of single and binary
stars at a later stage, after the bulk of the gas has dispersed or
been accreted, to see if N-body simulations without gas could
result in a quadruple like Haro 5-2, following the pioneering
work of van Albada (1968a, 1968b). We have performed many
thousands of new numerical simulations with 4-, 10-, 20-, and
50-body groups of single stars and masses drawn from the
initial mass function and with virialized velocities (see Reipurth
et al. 2010; Reipurth & Mikkola 2015 for details of the code).
Some binary and multiple systems indeed do form, including at
least temporarily some 2+2 quadruples (see Figure 10(a)).
However, if one assumes that a substantial fraction of the

bodies are binaries, then, not surprisingly, 2+2 systems are
formed more frequently (see Figure 10(b)). We conclude that
the number of individual members of the initial multiple system
is much less important than whether some of those members
are binaries.
Such 2+2 quadruples can form without the help of a gaseous

environment when three objects, of which at least two are
binaries, interact chaotically, in the process binding the two
binaries together into a 2+2 quadruple system, leaving the third
body (single or binary) to carry away the excess energy. It
should be noted that the binaries survive these interactions only
if they have binding energies that exceed the gravitational
perturbations induced by flybys. Effectively, the binaries have
to act almost as point sources; that is, they must be close
relative to the impact parameter. Thus, the stable 2+2
quadruples formed this way are highly hierarchical, like
ò Lyrae, because wider subsystems would be disrupted during
the chaotic formation process. It follows that to form 2+2
quadruples this way, the two binaries must previously have
undergone a process that makes them “hard.” This, however,
would not form the more open architecture of Haro 5-2.
Haro 5-2 is a member of the Ori OB1b association and is

therefore not a case of isolated star formation. Within the
previously mentioned little group of young stars surrounding
Haro 5-2, the two closest are the Hα emitters Haro 5-3 and

Figure 9. H-band spectra of the individual Ba and Bb components resolved
with adaptive optics and GNIRS at the Gemini-North 8 m telescope.
Wavelength is in microns and flux is in Wm−2 μm−1.
(The data used to create this figure are available in the online article.

14 The ratio of projected outer and inner separations is 7.4. However, the
boundary between chaotic and regular orbits is dependent on many parameters,
not least the eccentricity (Valtonen & Karttunen 2006), and a single value
cannot grasp this complexity. But at least, for comparison, the ratio is 7.3 for
HIP 28442, and since the star is a member of the old thick-disk population, it
has evidently been stable for a long time (Tokovinin 2020).
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Haro 5-4 (see Figure 3), which are both only about 3 6 away.
This corresponds to about 80,000 au or 0.4 pc in projection,
which—assuming a stellar velocity dispersion of
∼1 km s−1

—can be traversed in less than half a million yr.
Haro 5-4 has a faint companion to the NNW, which has an IR
excess to 12 μm and possibly to 22 μm, as seen in WISE
images, and thus could be a young star, too. It is therefore
conceivable that the Haro 5-2 system in the past could have
been part of a larger group that broke up, with Haro 5-3 and 5-4
carrying away the energy that enabled the Haro 5-2A and B
binaries to bind together into a 2+2 system.

5. Conclusions

1. We have discovered a new young 2+2 quadruple system,
Haro 5-2, in the 3–6Myr old Ori OB1b association,
which encompasses the σOri and the Collinder 70
clusterings. The system has an overall extent of 2 6
and projected separations of the inner binaries of 0 19
and 0 35.

2. We obtained low-resolution optical spectra of both the A
and B components of the Haro 5-2 quadruple system on
five nights over ∼1.5 yr, as well as two high-resolution
spectra separated by about a month. The presence of
significant TiO absorption molecular bands in the spectra,
combined with indicators of stellar youth, such as the Li I
6708Å and Na I 8183,8195Å absorption features,
confirm these as low-mass, young PMS stars. The
brighter A component is a nonaccreting M2.5-type

(Teff∼ 3450 K) WTTS. The fainter B component is an
M3-type (Teff∼ 3400 K) accreting CTTS, but on two
nights it fell in the transition region between CTTS and
WTTS. Overall, the emission in both stars varies by up to
a factor 2× over the course of our observations.
Assuming evolutionary models such as Feiden (2016),
these spectral types correspond to a mass
∼0.35–0.45M☉. The Hα profile of the accreting B
component shows broad wings extending to
∼±300 km s−1, and a strong, slightly blueshifted central
absorption. This blueshifted absorption is seen in the
higher-resolution spectra at both epochs. The Bb
component is very red and the spectrum may be affected
by accretion and by extinction from a circumstellar disk.

3. The hierarchy of Haro 5-2 is low; i.e., the two inner
binaries in Haro 5-2 are unusually wide relative to the
separation between the two binaries in comparison with
other known PMS quadruples. We have made simula-
tions of a variety of configurations and conclude that the
system may well survive intact over long timescales.

4. Since the members of the Haro 5-2 quadruple are well
resolved and presumably of the same age, this system
may provide stringent constraints on PMS evolutionary
models, similar to the well-studied pentuple GG Tau.
Haro 5-2 also displays a significant IR excess, and
Atacama Large Millimeter/submillimeter Array observa-
tions of its circumstellar material may offer insights into
the effect of flybys on disks.

Figure 10. Left: example of chaotic transformation of a nonhierarchical system of four single stars into a temporary 2+2 quadruple (black/red + blue/green), which
subsequently breaks up into a binary (black/red) and two single stars (blue and green). Right: example of a nonhierarchical configuration of two primordial binaries (2
and 3) that bind to form a stable 2+2 quadruple system, as an interloper flies by and carries away the excess energy. The formation of a quadruple system is far simpler
when the binaries have formed prior to their interaction. Both simulations show the dynamical interactions of point sources without any gas.
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