Mem. S.A.It. Vol. 88, 822 © SAIt 2017 Memorie della

Grand design spiral arms in a young forming circumstellar disk

K. Tomida^1, M. N. Machida^2, T. Hosokawa^3, Y. Sakurai^4, and C. H. Lin^{1,5}

1 Osaka University, Department of Earth and Space Science, 1-1 Machikaneyama, Toyonaka, Osaka, 560-0043, Japan, e-mail: tomida@vega.ess.sci.osaka-u.ac.jp 2 Kyushu University, Department of Earth and Planetary Sciences, Nishi-ku, Fukuoka, 819- 0395, Japan 3 Kyoto University, Department of Physics, Sakyo-ku, Kyoto, 606-8502, Japan 4 The University of Tokyo, Department of Physics, Bunkyo-ku, Tokyo, 113-0033, Japan 5 National Taiwan University, Department of Physics, Taipei, 10617, Taiwan

Abstract. We study formation and long-term evolution of a circumstellar disk using a resistive magnetohydrodynamic simulation. While the formed circumstellar disk is initially small, it grows as accretion continues and its radius becomes as large as 200 AUs toward the end of the Class-I phase. A pair of grand-design spiral arms form due to gravitational instability in the disk, and they transfer angular momentum. Although the spiral arms disappear in a few rotations, new spiral arms form recurrently throughout the Class-0 and I phases as the disk soon becomes unstable again by gas accretion. Using synthetic observation, we compare our model with a recent high-resolution observation of Elias 2-27, whose circumstellar disk has grand design spiral arms, and find good agreement. Our model suggests that the grand design spiral arms around Elias 2-27 are consistent with material arms formed by gravitational instability. If such spiral arms commonly exist in young circumstellar disks, it implies that young circumstellar disks are considerably massive and gravitational instability is the key process of angular momentum transport.

1. Introduction Accretion and transport of angular momentum are the key processes to understand disk formation and evolution. We need to compare realistic numerical simulations with observations to quantify the effects of different physical processes and understand disk formation and evolution. We perform a long-term resistive MHD simulation of star and disk formation, and compare it with Elias 2-27 whose circumstellar disk has grand-design spiral arms (Pérez et al. 2016).

2. Disk formation and evolution We perform a long-term MHD simulation until the end of the Class-I phase using a

3-dimensional nested-grid code (for details, see Machida & Hosokawa 2013). This code solves the MHD equations with self-gravity and Ohmic dissipation, and the barotropic approximation is adopted. In the earliest phase, the disk remains small because magnetic fields transport angular momentum efficiently. However, as the disk evolves, the magnetic angular momentum transport becomes less dominant because magnetic fields dissipate. Then the disk becomes gravitationally unstable, and grand-design m=2 spiral arms form spontaneously. These material spiral arms wind up tightly and disappear in several orbits by the shearing rotation. However, the disk becomes

Tomida: Spiral arms in a circumstellar disk 823

Fig. 1. Left: the result of the ALMA imaging simulation. The ellipse at the lower-left corner indicates the beam size of 0.29 arcsec × 0.26 arcsec. Right: the actual ALMA observation of Elias 2-27 (Pérez et al. 2016, https://safe.nrao.edu/evla/disks/elias2-27/).

gravitationally unstable again by gas accretion and spiral arms form recurrently.

Since the occurrence probability of the spiral arms is about 50%, it is likely that we can observe such grand-design material spiral arms if the disk is massive. The disk-to-star mass ratio remains almost constant and is about 30- 40% throughout the Class-0 and I phases.

3. Synthetic observation We calculate evolution of the central protostar using the STELLAR stellar evolution code (Yorke & Bodenheimer 2008), perform radiation transfer simulation of 1.3mm dust continuum using RADMC-3D (Dullemond et al. 2012), and produce synthetic observation images using the simobserve and simanalyze tasks of the Common Astronomy Software Applications package (McMullin et al. 2007) using the same observation parameters as Pérez et al. (2016). We find good agreement between our model and the observation (Figure 1) including many properties such as the protostar age, mass, spectral type, disk radius and so on. We conclude that the observed spiral arms can be well explained by gravitational instability, indicating that the disk around Elias 2-27 is young and massive. If such spiral arms commonly exist in young circumstellar disks, it implies that young circumstellar disks are massive and gravitational instability is the key process of angular momentum transport.

Acknowledgements. We thank Takayuki Muto, Akimasa Kataoka and Laura Pérez for useful information and discussion. We also thank Cornelis P. Dullemond for publicly distributing RADMC- 3D. This paper makes use of the following ALMA data: ADS/JAO.ALMA#2013.1.00498.S. ALMA is a partnership of ESO (representing its member states), NSF (USA) and NINS (Japan), together with NRC (Canada), NSC and ASIAA (Taiwan), and KASI (Republic of Korea), in cooperation with the Republic of Chile. The Joint ALMA Observatory is operated by ESO, AUI/NRAO and NAOJ. This work is partly supported by the Ministry of Education, Culture, Sports, Science and Technology (MEXT), Grants-in-Aid for Scientific Research 16H05998(KT), 25400232(MNM), 16H05996(HT) and 15H08816(YS). YS is also supported by Advanced Leading Graduate Course for Photon Science. This research uses computational resources of the High Performance Computing Infrastructure (HPCI) through the HPCI System Research Project (Project ID:hp160079).

References Dullemond, C. P., et al. 2012, Astrophysics Source Code Library, ascl:1202.015 Machida, M. N., & Hosokawa, T. 2013, MNRAS, 431, 1719 McMullin, J. P., et al. 2007, in Astronomical Data Analysis Software and Systems XVI, ASP Conf. Ser., 376, 127 Pérez, L. M., et al. 2016, Science, 353, 1519 Yorke, H. W., & Bodenheimer, P. 2008, in Massive Star Formation: Observations Confront Theory, ASP Conf. Ser., 387, 189