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Abstract. The Central Molecular Zone (CMZ), usually referring to the inner 500 pc of the
Galaxy, contains a dozen of massive (∼105 M⊙) molecular clouds. Are these clouds going to
actively form stars like Sgr B2? How are they affected by the extreme physical conditions in the
CMZ, such as strong turbulence? Here we present a first step towards answering these questions.
Using high-sensitivity, high angular resolution radio and (sub)millimeter observations, we stud-
ied deeply embedded star formation in six massive clouds in the CMZ, including the 20 and 50
kms−1 clouds, Sgr B1 off (as known as dust ridge clouds e/f), Sgr C, Sgr D, and G0.253−0.016.
The VLA water maser observations suggest a population of deeply embedded protostellar can-
didates, many of which are new detections. The SMA 1.3 mm continuum observations reveal
peaks in dust emission associated with the masers, suggesting the existence of dense cores. While
our findings confirm that clouds such as G0.253−0.016 lack internal compact substructures and
are quiescent in terms of star formation, two clouds (the 20 km s−1 cloud and Sgr C) stand out
with clusters of water masers with associated dense cores which may suggest a population of
deeply embedded protostars at early evolutionary phases. Follow-up observations with VLA and
ALMA are necessary to confirm their protostellar nature.
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1. Introduction

Massive molecular clouds in the Central Molecular Zone (CMZ) of the Galaxy are
known to be inactive in star formation (e.g., Lis et al. 1994; Immer et al. 2012) and the
overall star formation rate of the CMZ is estimated to be an order of magnitude lower
than expected from the Kennicutt-Schmidt relations (Longmore et al. 2013). One case
of inactive star forming clouds in the CMZ is G0.253−0.025, which contains >105 M⊙ of
molecular gas (Longmore et al. 2012) but one weak H2O maser associated with a dense
core has been found so far (Lis et al. 1994; Kauffmann et al. 2013; Johnston et al. 2014;
Rathborne et al. 2015).
Kruijssen et al. (2014) have proposed that star formation in the CMZ may proceed

episodically, in which case it is currently at a low point of star formation cycles. Strong
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Figure 1. Overview of the six massive molecular clouds in the CMZ. The background image
shows the BGPS 1.2 mm continuum emission (Ginsburg et al. 2013). The six clouds are marked
by red arrows. Sgr A* and Sgr B2, which are not covered in our observations, are also marked
by black arrows.

turbulence in the CMZ clouds inhibits collapse of dense gas, hence suppresses star for-
mation in the clouds (Kruijssen et al. 2014; Krumholz & Kruijssen 2015; Krumholz et
al. 2016). Meanwhile, once gravitational collapse starts, subsequent star formation seems
to proceed within normal time scales (Kruijssen et al. 2015).
To explore the new generation of star formation in the CMZ expected by the episodic

star formation model, we started to search for deeply embedded protostellar population
at very early evolutionary phases in massive molecular clouds. We selected six clouds
with column densities above 1023 cm−2, hence containing large amount of dense gas and
the most likely star forming regions (Fig. 1). In Lu et al. (2015), we have reported the
discovery of a number of protostellar candidates traced by H2O masers and associated
dense cores in one of the clouds, the 20 km s−1 cloud. Here we continued to report our
progress on searching for protostellar candidates in all the six clouds.

2. Results

We obtained the Karl G. Jansky Very Large Array (VLA) 1.3 cm continuum and
multiple NH3 inversion line observations, as well as the Submillimeter Array (SMA)
1.3 mm continuum and spectra line observations, of the six clouds. In particular, we used
the 1.3 mm continuum, which principally comes from dust emission, to trace dense cores
of ∼0.1 pc scales, and the 22.2 GHz H2O maser line emission to pinpoint protostellar
population.
First, we identified H2O masers in the six clouds. In the end, 50 H2O masers are

found, among which ∼30 are new detections thanks to the high sensitivity of the VLA
observations. H2O masers have been detected in both star forming regions (Elitzur et
al. 1989) and envelopes of AGB stars (Sjouwerman & van Langevelde 1996). We compared
them with the AGB star catalogues in e.g., Lindqvist et al. (1992), Sevenster et al. (1997),
and Sjouwerman et al. (1998, 2002), and excluded three masers with known AGB star
counterparts in the following analyses. In two of the clouds, the 20 km s−1 cloud and
Sgr C, we found clusters (more than 10 within 1 pc) of strong H2O masers (fluxes>1 Jy)
that may trace active star formation. The former cloud is shown as an example in Fig. 2.
G0.253−0.016, Sgr B1 off (as known as clouds e/f), Sgr D, and the 50 km s−1 cloud also
present a few H2O masers, some of which are new detections.
Then, we searched for dense cores with a visual inspection of the 1.3 mm continuum
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Figure 2. Detection of H2O masers and dense cores in the 20 kms−1 cloud (Lu et al. 2015).
Left : The background image and the contours show the SMA 1.3 mm continuum emission, with
levels between 5σ and 65σ in steps of 10σ, where 1σ=3 mJy beam−1. The crosses show the
H2O masers. The two red crosses (W6, W18) are masers with known OH/IR star counterparts.
The dotted and green dashed loops show the FHWM of the SMA and VLA primary beams,
respectively. Right : The spectra of the 18 H2O masers.

maps. In Sgr D, a prominent H ii region dominates the continuum emission; the other five
clouds do not show strong free-free emission from H ii regions and the 1.3 mm continuum
can be used to trace dust emission from dense cores. We found a number of dense cores
in the 20 km s−1 cloud and Sgr C. Their masses, as derived from dust emission, range
from ∼100 M⊙ to &103 M⊙. We used dense gas tracers, e.g., H2CO and CH3CN, to
derive the linewidth in the dense cores, and confirmed that most of the dense cores are
gravitationally bound through a virial analysis. It is interesting to note that most of the
H2O masers we found are coincident with these dense cores in both spatial coordinates
and velocities. In the other three clouds, G0.253−0.016, Sgr B1 off, and the 50 km s−1

cloud, we found a few dense cores which only constitute a small fraction of the cloud
masses.

In summary, we found two outstanding cases, the 20 km s−1 cloud and Sgr C, which
present clusters of H2O masers and dense cores. Meanwhile, previous observations have
shown that these two clouds do not have prominent H ii regions (Downes et al. 1979;
Kendrew et al. 2013). Therefore, the two clouds are likely at very early evolutionary
phases, while the H2O masers associated with the dense cores likely trace deeply em-
bedded star formation activities. Clouds including G0.253−0.016, Sgr B1 off, and the
50 km s−1 cloud also present a few H2O masers and dense cores, but overall they remain
to be inactive in star formation. Sgr D presents distinctly different properties with the
other clouds. One potential explanation for this is that it may not be located in the CMZ.
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3. Discussions

As we stressed above, the H2O masers and dense cores only represent protostellar
‘candidates’, since there are still debates on the nature of the H2O masers found in
the CMZ. To verify their protostellar nature, it is necessary to obtain supplementary
observations of, e.g., class II CH3OH masers, centimeter continuum, or hot core tracers
such as CH3CN. These observations would be useful for confirming the existence of deeply
embedded star formation in forms of ultra-compact H ii regions or hot molecular cores.
Therefore, future high sensitivity, high angular resolution VLA and ALMA observations
of these protostellar candidates are critical.
Once confirmed as protostellar, these masers and dense cores could be used to esti-

mate star formation rates of the clouds in a short time scale of 105 years. This time
scale corresponds to the characteristic evolutionary time before (compact) H ii regions
emerge (Gerner et al. 2014) as well as the typical life time of the class 0 phase of proto-
stars (Dunham et al. 2014). On a qualitative level, the 18 protostellar candidates in the
20 km s−1 cloud seems to suggest a more active star formation in the last 105 years than
that traced by a single H ii region in a time scale of 106 years (Peters et al. 2010). This
may suggest an increase of star formation activities in the last 105 years than in the last
106 years in this cloud.

References

Downes, D., Goss, W. M., Schwarz, U. J., & Wouterloot, J. G. A. 1979, A&AS, 35, 1
Dunham, M. M., Stutz, A. M., Allen, L. E., et al. 2014, in: H. Beuther, R. S. Klessen, C. P. Dulle-

mond, & Th. Henning (eds.), Protostars and Planets VI (Tucson: University of Arizona
Press), p. 195

Elitzur, M., Hollenbach, D. J., & McKee, C. F. 1989, ApJ, 346, 983
Gerner, T., Beuther, H., Semenov, D., et al. 2014, A&A, 563, A97
Ginsburg, A., Glenn, J., Rosolowsky, E., et al. 2013, ApJS, 208, 14
Immer, K., Schuller, F., Omont, A., & Menten, K. M. 2012, A&A, 537, A121
Johnston, K. G., Beuther, H., Linz, H., et al. 2014, A&A, 568, A56
Kauffmann, J., Pillai, T., & Zhang, Q. 2013, ApJ Letters, 765, L35
Kendrew, S., Ginsburg, A., Johnston, K., et al. 2013, ApJ Letters, 775, L50
Kruijssen, J. M. D., Dale, J. E., & Longmore, S. N. 2015, MNRAS, 447, 1059
Kruijssen, J. M. D., Longmore, S. N., Elmegreen, B. G., et al. 2014, MNRAS, 440, 3370
Krumholz, M. R., & Kruijssen, J. M. D. 2015, MNRAS, 453, 739
Krumholz, M. R., Kruijssen, J. M. D., & Crocker, R. M. 2016, arXiv:1605.02850
Lindqvist, M., Winnberg, A., Habing, H. J., & Matthews, H. E. 1992, A&AS, 92, 43
Lis, D. C., Menten, K. M., Serabyn, E., & Zylka, R. 1994, ApJ Letters, 423, L39
Longmore, S. N., Rathborne, J., Bastian, N., et al. 2012, ApJ, 746, 117
Longmore, S. N., Bally, J., Testi, L., et al. 2013, MNRAS, 429, 987
Lu, X., Zhang, Q., Kauffmann, J., et al. 2015, ApJ Letters, 814, L18
Peters, T., Banerjee, R., Klessen, R. S., et al. 2010, ApJ, 711, 1017
Rathborne, J. M., Longmore, S. N., Jackson, J. M., et al. 2015, ApJ, 802, 125
Sevenster, M. N., Chapman, J. M., Habing, H. J., Killeen, N. E. B., & Lindqvist, M. 1997,

A&AS, 122, 79
Sjouwerman, L. O., Lindqvist, M., van Langevelde, H. J., & Diamond, P. J. 2002, A&A, 391,

967
Sjouwerman, L. O., & van Langevelde, H. J. 1996, ApJ Letters, 461, L41
Sjouwerman, L. O., van Langevelde, H. J., Winnberg, A., & Habing, H. J. 1998, A&AS, 128, 35

http://arxiv.org/abs/1605.02850

	1. Introduction
	2. Results
	3. Discussions

