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Introduction

The Serpens star forming regions is a compact region of low-mass star formation at a distance of 311 pc (De Lara, 1991). The
Serpens NW region is part of the larger Serpens molecular cloud (Fig. 1). It is the site of much of the most recent star formation
in Serpens, as indicated by multiple Class 0 and | sources and molecular hydrogen jets in an area of only about 1 arcmin
diameter. There are relatively few more evolved YSOs in Serpens NW, indicating that intense star formation activity in this
region has only started relatively recently, possibly triggered by star formation in the main Serpens molecular cloud.
Understanding the evolutionary state of the individual objects and identifying the driving sources of the outflows and
illuminating sources of the reflection nebulosity is important for our understanding of this extremely young group of protostars.

Among the very young objects in the Serpens NW molecular core is the unique eruptive variable OO Ser discovered in 1995 by
Hodapp (1996). Broadly, this object belongs to the class of young eruptive stars similar to the objects examplified by FU Orionis
and EX Lupi. Both classes of objects show increases of the order of 5 magnitudes from the quiescent state to the outburst
maximum, but they differ in the outburst duration, which can be decades to centuries for the FUors (e.g., Herbig, 1977), and
typically months for the EXors. Also, FUors show optical and near-infrared absorption spectra, while Exors show emission line
spectra. Both are thought to originate from disk accretion instabilities that lead to two orders of magnitude increases in
accretion rates. EXor outbursts are repetitive on observable time scales. If, as is often speculated, the Fuor outbursts are also
repetitive, they may represent the main mode of mass accretion for low-mass stars.

While OO Ser has an outburst amplitude similar to the more luminous FUor-class of objects and an outburst duration longer
than that of EXor objects, it is so deeply embedded as to be inaccessible at optical wavelengths and shows an infrared spectrum
much more dominated by dust than either of these more established classes of eruptive variables. Therefore, OO Ser has been
labeled a “Deeply Embedded Outburst Star” by Hodapp (1996). As was already shown by Kospal (2007) on the basis of archival
Spitzer data, OO Ser is the dominant source in Serpens NW at mid-infrared wavelengths, suggesting that it is a Class | object.
This point is further strengthened by Evans (2009) who observed the Serpens star forming regions as part of the Spitzer C2D
project. Among the sources in Serpens NW discussed here, OO Ser has the lowest bolometric temperature (130 K ) and highest
luminosity (10 L, ,). It is, most likely, a very low mass star in the final phases of its mass accretion.

The variable object EC 53 (V371 Ser) named by Eiroa & Casali (1992), and the irregular variable star EC 37 (V370 Ser) (see the
labels in Fig. 2 and the light curves in Fig. 4) have attracted some attention. Both sources are associated with H, outflows, but
are less prominent at longer wavelengths than OO Ser. In particular, the faint system of H, emission knots north of OO Ser and
east of EC 37 (MHO2217 in Davis et al., 2010) could plausibly originate in either source. The goal of this study was primarily to
determine the source of the faint H, v=1-0 S(1) emission in the area of EC 37 and OO Ser, with important consequences for our
understanding of either object. Further, the purpose was to study the bipolar nebula associated with OO Ser and the changes it
underwent since the last observed eruption of OO Ser. Finally we study another interesting objects in the field, the cometary
reflection nebula EC 53 on our high-resolution images.

Observations

We have observed the Serpens NW region with the Keck laser adaptive optics system both in broad band K and in H, S(1) line
emission on two occasions separated by about two years. These observations were constrained by the availability of a natural
tip-tilt guide star in this region, which explains the otherwise strange choice of field orientation and location (Fig. 2).

To further investigate the temporal evolution of the light distribution in the OO Ser bipolar nebula, older, seeing-limited data
already used by Hodapp (1996) and (1999), primarily from the UH 2.2m telescope, but also some new data from UKIRT, and
recently obtained data from IRIS (Hodapp et al. 2010) were analyzed.

Fig. 1 Overview of the Serpens NW molecular cloud.
Left: J, H, K color composite of the whole Serpens star forming region Right: UKIRT/WFCAM image in the2.12 um line of
shock-excited H, covering the Serpens NW molecular cloud

EC 37

The continuum-subtracted H, image (Fig. 3) shows H, emission knots in the immediate vicinity of the YSO EC 37, surrounding
the young star in every direction. The knotty appearance and the fact that other excitation mechanisms for S(1) emission are
not plausible for EC 37 demonstrate that EC 37 is associated with molecular outflow. However, the outflow is not oriented
sideways, which is the most common orientation. The fact that EC 37 has relatively low extinction, that the shock-excited
emission around it is distributed over a wide range of position angles, and the complex pattern of proper motions strongly
suggests that in this case, the line of sight is nearly along the outflow axis and we are looking essentially into the outflow cavity.
The shock-excited emission south of EC 37 moves away from it, and not from OO Ser further south (Fig. 2). The emission east
and north-east of EC 37 (named MHO02217 in the catalog of Davis et al. 2009) moves away from EC 37, as had already been
noted by Hodapp (1999) and completes the picture of a complicated outflow emerging from EC 37.
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Keck 2.12pum image obtained with LGSAO and NIRC2 Difference image of the 2.12um S(1) line image and the K-
of the Serpens NW region. Proper motion vectors band broad band image, with the latter scaled to subtract

out the continuum reflection nebula around OO Ser. The
central star OO Ser appears negative (white) with this
scaling, because it is the reddest object in the field. Other
continuum sources (stars) do not get subtracted out
completely.

measured between 2007 and 2009 are shown in
orange for stars and blue for H, shock fronts. The
areas for which the proper motion was measured by
cross-correlation are indicated.



OO Serpentis

The variable star OO Ser is similar to less embedded FUor and EXor variables, but is referred to here as a “deeply embedded
outburst star” (DEOS) due to the high extinction. It is associated (see Fig. 2) with a bipolar nebula that is apparently seen nearly
in the equatorial plane. The western lobe is the brighter one and shows several individual knots that show individual
characteristics in the light curve. The eastern lobe consists of a bright arc of continuum emission, apparently tracing the outflow
cavity, but is also associated with shock excited H, emission moving away from OO Ser, as can be seen in Figs. 2 and 3. These
shock fronts clearly support the conclusion drawn earlier (Hodapp et al. 1996 and Kospal et al. 2007) that OO Ser is a Class |
young stellar object still accreting material. The actual detection of shock fronts from its outflow is a new finding and
distinguishes OO Ser from most FUor and EXor objects, where strong winds are common (Herbig, 1977), but collimated outflow
is rarely seen.

The central object in the bipolar nebula is extended on Keck LGSAO images with better than 100 mas spatial resolution and
probably represents the most highly illuminated inner areas of the reflection nebula and not direct light from the star itself.
After the outburst in 1995, OO has faded until about 2002 (JD2452500), but after that, the decline has revesed itself and the
object is now slowly brightening. This result was already indicated by the last data point shown by Kospal et al. (2007). The light
curve shows individual features for different areas of the reflection nebula. This is most likely caused by localized changes in the
extinction in the light path to the reflection nebula. Since such changes occur on timescales of a few years, the obscuring clouds
in the light path must be very close to the illuminating star, at distances of the order of the size of the Solar System. The local
differences in the light curve are small, however, and usually affect not more than about 30% of the flux. The overall light curve
of OO Ser is still dominated by the changing brightness of the central source.
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Fig. 4: The light curve of OO Ser over the time interval from 1994 to 2010. After the eruptive increase in brightness sometime in 1995 and
reaching a peak in late 1995, OO Ser and its associated reflection nebula has declined until 2002, after which a slow Re-brightening is
observed. Light curves measured in the rectangular areas of the reflection nebulosity are indicated in the colors matching those of the boxes.
The green light curve of the integrated flux is scaled differently than those of the sub-areas. Also included are the differently scaled
measurements of the four stars used as secondary photometric standards. The data are from the UH 2.2m telescope, UKIRT, Keck, and IRIS.

Fig. 5: Difference images (1995 — given date). Prior to differencing, the images were scaled to the same integral brightness of the reflection
nebulosity, to account for the overall change in brightness. For all images after 1995, dark areas indicate the fastest decline in brightness,
relative to the average. The leftmost difference image (8/1994, pre outburst) is the difference of that image minus the 7/1995 image. For
that image, white indicates a faster than average rise in brightness; constant features therefore appear black, such as the S(1) line emission
region east of OO Ser.

EC53

The cometary nebula EC 53 contains a H, jet visible in Fig. 6. In the left panel of this figure, the broad band K image shows a jet-
like feature, and the difference image between a 2.12um S(1) line image and the broad-band K image shows more of the faint
S(1) emission jet extending into the area of the “cometary” reflection nebula. The UKIRT/WFCAM S(1) line image in the right
panel of Fig. 1 shows the terminal shock of this jet, which is named MHO02221 in Davis et al. (2010). The existence of a
molecular hydrogen jet demonstrates that EC 53 is still in its accretion (and outflow) phase and probably is a Class | object.

EC 53 shows photometric variability with an amplitude of about two magnitudes. These variations appear to be periodic with a

period of 272 days, found using the Lomb-Scargle algorithm as implemented in the Peranso software by T. Vanmunster. Initially,
Hodapp (1999) had reported a period of 550 days, probably as the result of aliasing. The light curve is not well sampled yet, but
EC 53 is now under continuous monitoring by the IRIS system to improve our understanding of the periodic variations.

The K-band image in Fig. 6 (left panel) also shows that EC 53 is a binary object; the brighter of the two components is the
variable young star. The faint companion is only readily visible on diffraction-limited AO images from large telescopes, and only
in the faint phase of the photometric variation of EC 53. In the bright phase, its presence can be detected in the halo of the
primary’s PSF. The companion has, after some extinction correction (A,=16, Eiroa & Casali, 1992) , an absolute magnitude of
M,=9.75. The earliest (age 1Myr) model by Baraffe et al. (2002) for a 0.005 M, object matches this faint absolute K-band
magnitude. The companion is at a projected distance of 92 AU. The age of EC 53 is probably less than 1 Myr, based on the
presence of an H, jet, therefore the mass estimate from the Baraffe model presents an upper limit. The EC 53 companion is
certainly a sub-stellar object, and quite possibly an object of only planetary mass.
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Fig. 6: Left: Keck LGSAO image in the K-band of EC 53 Fig. 7: Light curves of EC 53, EC 37, and SMM10

Right: S(1) minus K-band difference image, scaled to show the jet.
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