8\_;;:

(Subaru Telescope, NAOJ)
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If we can measure mass of a
protstar....

L R M 2GM

acc protostar _ protostar protostar

acc G M » “age M > Y freefall — R

protostar acc

can be directly measured without any assumptions.



Estimation of protostellar masses

» Estimation from accretion luminosity

GM.M. where L... is accretion luminosity, M. and R. are

b . * . .
stellar mass and stellar radius, M. is mass accretion rate

— Itis not trivial to measure mass accretion rate
* Estimation from mass infall velocity

, where V__ is infall velocity at R

infall

— It may not necessarily correct to assume free-fall



Promising method to measure
protostellar masses

* To measure dynamical masses of protstars
based on Kepler rotation of their circumstellar
disks would be the most promising method.



Disks are expected to be formed
around protostar?

MRS Dynamical Infall region

Vrotation I-'l R-l
View >V

infall rotation

field is
h infalling

If magn
coupled
material

$

Keplerian rotation region

-0.5

Angular momentum

is moved away, and

no disk is formed (e.qg.,
Mellon & Li ‘08; see also
Li‘'s and Zhao's talks)

c. f. Terebey et al. 1984; Basu 1998



Protoplanetary disks around PMSs

* In the last two decades many studies have
been done

* They usually show Keplerian motions
* Recent observations show a lot of variety

of disks around PMSs
o g ¢ =

ﬁ%{ﬁ , o~ _ %m

“SEEDS” project carried out Q e S
by the Subaru Telescope and == == === === "=
HICIAO (PI: M. Tamura) o \@f o o

100 X3¢ HfI 100 K32 i 100 K287 100 Rz &




Measurements of
dynamical masses of TTSs

LkCalb
DL Tau
GM Aur
BP Tau
DM Tau

* Measure dynamical masses of
TTSs and compare with

Sk _ ; theoretical tracks on HR

g ® e Ve T diagram, calibrating PMSs

Simon, Dutrey, Guilloteau 2000 evolution.




How about disks around

?
* Disks are alsg Egggj?aﬁ?:yaergpected around

protostars (e.g., Terebey, Shu, Cassen 84).

* As compared with PPDs, however, less
observations of disks around protostars
have been done.

— It Is difficult to distinguish extended envelopes
and disks embedded in the envelopes.

— Envelopes often show disklike structures and
rotation.



Early efforts to detect disks

around protostars

« Continuum observations

— Compact continuum sources (with disklike
structures) associated with protostars were
identified as disks.

— No kinematical information, could be innermost
envelope

 Line observations

— Disklike structures around protostars with spin-up
rotation were identifies as Keplerian disks

— Infalling envelopes, which often show disklike

structures, can also show spin-up rotation (V, o<
1/r)



Lommen et al 2008

Compact continuum emission

IRS 63 — cont. Elias 29 — cont.
J 1 # T oW

klias 29
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Spin-up rotation is interpreted

as Keplerian rotation
IRS 63

DEC offset ["]



Brinch et al. 2008
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Offset along midplane (arcs

Brinch et al. 2008 _ _
Compared with only Kepler rotation curves
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Disk evolution

n = infrared SED slope

Andrew et al. 2005

from protostars to TTSs?

Disk masses decrease as
protostars evolve into T
Tauri stars?

We should note that
continuum emission from
protostars arises from
envelopes as well as
disks, suggesting that
disk masses are
overestimated from
single dish observations.



Envelopes around protostars

* Disks are not easily identified around protostars
because they are surrounded by envelopes,
which are often flattened and rotating.

Velocity pattern

(model)

-1.0 -05 0.0
AV [km s=1]

R
—1
5.4
5.6
5.8
6.0
6.2
6.4
6.6
6.8
7.0

04 28 41.0 40.6 40.2 39.8 39.4 C180 (1_0) Wlth NMA
R.A. (B1950) .
(Momose, Ohashi et al. 1998)




Envelopes around protostars

* Disks are not easily identified around protostars
because they are surrounded by envelopes,
which are often flattened and rotating.

R
—1
7.0

04 28 41.0 40.6 40.2 39.8

R.A. (B1950) Chou et al. 2014




Envelopes around protostars

* Disks are not easily identified around protostars
because they are surrounded by envelopes,
which are often flattened and rotating.

L1551 IRSS5 C18 1-0 with NMA

18 01 55

High velocity ~ CS7-6

04 28 41.0 40.6 40.2 39.8

R.A. (B1950) Chou et al. 2014



Envelopes around protostars

* Disks are not easily identified around protostars
because they are surrounded by envelopes,
which are often flattened and rotating.

High velocity ~ CS7-6

Chou+ 2014 (see also Lommen+ 2008)



How about disks around

protostars?
* Disks are not easily identified around
protostars because they are surrounded by
envelopes.

* Observations of disks around protostars have
been done in continuum emission in the early

days
— Compact structures were identified

— It was difficult to unambiguously distinguish disks
and envelopes



How to unambiguously identify
disks around protostars?

* It Is the best way to kinematically
distinguish disks from envelopes
— Envelopes rotates as rt
— (Keplerian) disks rotate as r9-°
— Estimate powers of rotation curves



Searching for Keplerian disks
around protostars |

HH111 C180 2-1 with SMA RS Nt I iy

v, ~3.90d" 1.0

Combinad

—0.3

"
T

Lee 2010



Searching for Keplerian disks
around protostars |l

Representative data points on a PV diagram is measured
based on Gaussian fittings along either the velocity axis or
the position axis of the PV diagram (Yen+ ‘13)



Searching for Keplerian disks

10,00F

0.10 e =
£ oor[L1448-mm | |[ TMC-1A
2 1000 —
1.[]13'E
010 El3 power-law index:
[ 1 1sigma uncertainty ~ 10%
0.01 L1527 IRS . | [L1489 IRS | |
100 1000 100 1000
Radius (AU)
Younger sources: Evolv ur :
slower rotation faster rotation
steeper profile shallower profile Ven ot al. 2013



Searching for Keplerian disks

DEC (J2000)

DEC (J2D00)

DEC (J2D00)

s
g
g
8
B
[=]

DEC {I3000)

DEC (13000)

dlroL

473173484 3471 3470

BA (J3000)

34%2 3471 34%0 3472 3471 4% 3472 3471 34’0 a4%2 341 a0 4% a1 ad'o 34%2 34" 34’0 a4%2 341 3%

RA (72000)

. 4 i ] o
a4%2 3471 adlo 472 2471 a0 472 2471 a0 472 347 0 T2 3471 a0 T2 3471 0 4% 3471 a0

BA (J2000)

nd protostars |l

& _z

X} opes

RA (72000) BA (72000) RA (72000) RA (72000) RA (72000) RA (72000)

_d

Chou+2014

BA (J2000) BA (J2000) BA (T2000) BA (TR000) B4 (TR000) RA (T2000)



ALMA C180 2-1 observations of
disks around protostars

IRAS 16253 Oph
VLA1623 Oph
B335 Isolated
Lupus 3 MMS Lupus
B228 (IRAS 15398) Lupus
L1527 IRS Taurus
TMC-1A Taurus
L1489 IRS Taurus

Yen+ 17
Murillo+ 13
Yen+ 15
Yen+ 17
Yen+ 17
Aso+ 171
Aso+ 15
Yen+ 14

O O = NN MM MDD O DN




ALMA C180 2-1 observations of
disks around protostars

Lupus 3 MMS




ALMA C180 2-1 observations of

disks around protostars

_viate2s 1

— 0.2 Mg
R

L1527 IRS -

oLupus 3 MMS




Rotation Curves

— 10.0F ] 1100 ! :
~1.04091 - 1 - 1
ol ¢ Q05008 L LT ] ]
CE i A=
s p=—05 (fixed) - T~ o T
| Ppou=—1.0 (fixed) - | 1T P
R,=50 AU : | p=-0.57+0.03 L p=-1.0+0.06
Riep ~74 AU M. ~ 0.23 Mo
L n a0 ) & 70 0.1 ' ' A 0.1 . 1 TR B A
Radius (AU) 10 100 10 100
N L1527 IRS TMC-1A L1489 IRS
m ~
2 \ %%%
é g : H_i{j’:'%%* 3
4? ol i | %\\gﬁ %ﬂ%%% @
o é%i %W Yk%ff
o ES i Py
1| p,,;=—0.50%0.05 ‘\L\g | |P,=-054%£014 I
Poy=—1.22£0.04 P =—085+0.04 " P=-0.57+0.03
R,=56 AU R, =67 AU M.~ 1.6 Mo
Ryep ~74 AU Riep = 90 AU \
Radius (AU)




Evolutional Trend: M and R,

Rd

v Ry (AU)

TboI(K)
* If T, can be an evolutional indictor, M. and R, increase as

the central star evolves
At the earliest evolutionary stage, M. and R, increase

quickly by more than a factor of 107

Tbol (K)



Case Study: L1527 IRS

Low velocity

Class 0/I object

Associated with an infalling
envelope (Ohashi+ 1997)

Associated with a Keplerian
disk (Tobin+ 2012; Ohashi+
2014; Aso+ 2017)

- R, ~74 AU

— M. ~0.45 Mo

Chemistry of the disk
forming region is also
studied in detailed
(Sakai+ ‘14, ‘17)

DEC offset (arcsec)

0 50 100
RA offset (arcsec) Radius (AU)




Case Study 1: L1527 IRS

» Infall motions in the envelope are free-fall
yielded by the central star?

Vi ~ 0.3 km st at 2000 AU in radius (measured)

Vieeran =~ 0.6 km st at 2000 AU in radius estimated from the
dynamical mass

free-fall 0.2-05 of free-fanl ~ NIl MOtiONs may be
' B0 ot e suppressed by magnetic field?
|| Infall motions may be reduced
before landing to the disk?
Other protostars such as
L1551 IRS5 (Chou+ '14),
PATTeeeEeEN TMC-1A (Aso+ ‘15), and
Ohashi+ 2014 HH111 (Lee+ “10) also show
similar features.
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Case Study: L1527 IRS

» What are disk structures?

220 GHz Continuum

Deconvolved size:
0.53x0.15 (1.5° )

majorx15°
minor+15°
_ others

600 400 200 0 -200 -400 -600
U (m)

Disk structures are
clearly resolved
even in the
azimuthal direction.

uvdist (m)

Contours: 3,6,12...0

> Visibility data should be analyzed without azimuthal averaging.



Case Study: L1527 IRS

> Model fitting w/0 annulus averaging.
=> Vertical and radial information are not

merged in the edge-on case.

minor*15°

others 6 parameters: Mg, Routr Py Sgamps His h
1 (R S Rout)
Sdamp (R > Rout)

W

SRR > (1) oc R7P x {

)

<.) K 600 H(R) x R~ P

00 40
uvdist (m)

> Temperature is fixed (T,;=403.5 K, g=0.5; Tobin+13).



Case Study: L1527 IRS

TETIYE| best model: reduced X 2=5.7

34 1.7 0.19 0.11 1.2

' : +16 +0.1 +0.03- +0.02 +0.1
200 400 : —24 -0.3 0.09 -0.03 -0.1

uvdist (m)

> R, corresponds to the
kinematic R,,, within
uncertainty.

> Scale height appears in
hydrostatic equilibrium:

: H(84 AU)~13 HHSEQ'

RA offset (arcsec; J2000) RA offset (arcsec; J2000

Contours: 3,6,12,24,...c Contours: 3,6,9,12,...0
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A statistical study

* Yen+ 2017 use 18 of protostars associated with
Keplerian disks to study disk formation and
evolution of protostars, investigating;

— evolutional trend of specific angular momentum
— My — R, relation
— evolutional trend of M. and Ry

My (fage) ~ (1.6 = 0.2)
t e _ . .
( 107 vears (¥l P87ae Keplerian disks are
T formed around class O
; 5 T e :
For class .O _ ' 1.09£0.37 within a timescale of
Rqa = (106 & "il-ﬁ__l X ~4e5 yr

']—{P.ZE-:I:I'_'I.I'_'I-#




Table 5
Comparison of Properties of Class 0 and T Protostars

Source Lo My M, R, JR) R Ref.
(Ls) (M, yr ") (M) (au) (km s ' pc) (am)
HH 111 17.4 9.7 % 1077 1.8 160 23 % 1077 160 1,2
7.0 = 1077 2000 2
77 = 1077 7000 3
TMC-1A 2.7 4.4 % 1077 0.64 100 12 » 1077 100 4,5
25 % 1077 580 6
L1551 IRS 5 22.1 44 % 107 0.5 64 82 = 107 64 4.7
B2 x 107° 700 8
10 » 1077 o00 9
HH 212 14 7.8 % 1078 02 120 67 « 107 120 1, 10
67 = 107 460 11
L1527 1.7 5.7 %= 1077 03 54 58 x 107° 54 4,12
49 = 107? 730 13, 14
49 x 107? 2000 15
IRAS 15398—3559 12 1.2 % 107° 0.01 20 7% 1077 140 1, this work
10 x 1074 600 this work
IRAS 16253—2429 0.24 8.0 x 1077 0.03 6 6% 107 330 16, this work
23 % 107° 790 this work
14 » 1077 3500 17
17 = 1077 7500 17
B335 14 2.7 % 1078 0.05 3 4% 1077 20 4,18
. ] — 43 x 1077 90 18
Keplerian disks Upper limit <7 x 1077 370 19
) 1.5 % 10 9000 20
Are not spatially resolved 74 x 1077 20,000 21,22
Elias 29 14.1 57 % 1077 2.5 200 32 x 1073 200 16, 23
R CrA IRS 7B 4.6 2.0 % 1077 23 50 16 = 1077 50 24
IRS 43 6.0 3.2 % 1077 1. 700 53 « 107°° 700 16, 25
L1489 IRS 37 2.3 % 1077 1.6 700 25 % 1077 700 4,26
L1551 NE 42 53 % 1077 0.8 300 22 % 1077 300 4,27
IRS 63 1.0 1.3 = 1077 0.8 170 17 = 1077 170 16, 25
TMC 1 0.9 1.7 % 1077 0.54 100 11 x 107 100 4,28
Lupus 3 MMS 041 1.4 % 1077 0.3 130 o0 « 1077 130 16, this work
L1455 IRS 1 16 1.3 = 107° 0.28 200 L1 1077 200 16, 28
VLA 1623 1.1 55 % 1077 02 150 79 « 107 150 29

References. (1) Froebrich (20035), (2) Lee et al. (2016), (3) Lee (2010), (4) Green et al. (2013), (5) Aso et al. (2015), (6) Ohashi et al. (1997a), (7) Chou et al. (2014),
(8) Momose et al. (1998), (9) Saito et al. (1996), (10) Lee et al. (2014), (11) Lee etal. (2006), (12) Ohashi et al. (2014, (13) Yen et al. (2013), (14) Yen et al. (2015a),
(15) Ohashi et al. (1997h), ( 16) Dunham et al. (2013), (17) Tobin et al. (2011), (18) Yen et al. (2015b), (19) Yen et al. (20100, (20} Yen et al. (2011), (21) Saito et al.
(1999}, (22) Kurono et al. (2013), (23) Lommen et al. (2008), (24) Lindberg et al. (2014), (25) Brinch & Jgrgensen (2013}, (26) Yen et al. (2014), (27) Takakuwa et al.
(2012), (28) Harsono et al. (2014), (29) Munllo et al. (2013).




Evolutional Trend: specific angular

momentum

HH111: 78 K

U 0.0100F HE TMC-1A: 164K
5 = —* al L1551 IRS5: 106 K
€ [ il HH212: <56 K
= I 180 e il L1527: 67K
£ I e Il IRAS 16253: 35 K
g 0.0010F o 05 =l |RAS 15398: 67K
5 E S | 036 il B335:39K
= -5
= | O
= T HH 111
o - TMC-1A il Younger (lower T,)
=T L1551 IRS 5 .
o 0.0001 - =~ Lower
= — L1527
2 - pwdrisedIBN | might increase
- as YSOs evolve?
L1l ] Lo vl ] Lol
10 100 1000 10000

Radius (AU)



Disk Formation around Protostars

Rotation region

B335, IRAS 16253 L1551 IRS5, L1527 IRS
YoungerYSOs More evolved YSOs



M. — R, relation
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Evolutional Trend: M, and R,
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M . relation

acc tag

d

Myce () = Mace(fo) % [i Ll age) = ’"E M,..(1)dt
0

o 0

estimate a new M__ —t__ relation

repeat this process until M, (t,), a, and t__ are converging

026004
X ] 107° Mg yr~!
10* years

.



Evolutional Trend: M, and R,

(a) (b)
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Summary

« Keplerian disks has been unambiguously identified
around protostars, including class 0 sources, providing
a strong method to estimate masses of protostars, and
also related physical parameters, such as ages of
protostars and mass accretion rates to them.

* Physical parameters obtained from disk observations
could provide a new picture of star and disk formation,
giving important constraint on theories of star and disk
formation.

* Further observations of disks around protostars are
very important to perform even better statistics.



