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Abstract

Rotation curves are the basic tool for deriving the distribution of mass in spiral galaxies. In this
review, we describe various methods to measure rotation curves in the Milky Way and spiral
galaxies. We then describe two major methods to calculate the mass distribution using the
rotation curve. By the direct method, the mass is calculated from rotation velocities without
employing mass models. By the decomposition method, the rotation curve is deconvolved into
multiple mass components by model fitting assuming a black hole, bulge, exponential disk and
dark halo. The decomposition is useful for statistical correlation analyses among the dynamical
parameters of the mass components. We also review recent observations and derived results.
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1 INTRODUCTION curves, and describe their dynamical mass structures.

Rotation of spiral galaxies is measured by spectroscopic ob-

servations of emission lines such as,Hl and CO lines from By definition, a rotation curve is the mean circular veloc-

disk objects, namely population | objects and interstellar gaseﬁty around the nucleus as a single function of radius. Non-
In these lines the velocity dispersion is negligibly small com- i lar streaming motions such as due to spiral arms, bars,
pared to rotational velocity, which implies that the pressure My hd/or expansion/contraction motions are not considered here.
Is negligible in the Virial theorem, so that the dynamical bal"’mceLimitation of the current rotation curve analyses is discussed

between the gravitational and centrifugal forces may be used 'fh section 2. Elliptical galaxies, for which rotation curve anal-
calculate the mass in sufficient accuracy. Absorption lines ar%

L ) i T ) sis is not applicable, are beyond the scope of this review.
also used for bulge’s kinematics using velocity dispersion an onsiderations that employ unconventional physical laws such

rotation. The dynamical approach is essential particularly foras MOND (modified Newtonian dynamics) are also out of the
measurement of the mass of the dark matter and black h0|e§bope of this review

which are not measurable in surface photometry assuming a
mass-to-luminosity ratio.

In sections 2 and 3 we review the various methods to derive
rotation curves of the Milky Way and spiral galaxies, respec- There are a number of articles and reviews on rotation curves
tively, and describe the general characteristics of observed rotand mass determination of galaxies, that include Sofue and
tion curves. The progress in the rotation curve studies will beRubin (2001) and Sofue (2013a), and the literature therein.
also reviewed briefly. In section 4 we review the methods to dedndividual references will be given in the related sections in this
termine the mass distributions in disk galaxies using the rotatiomeview.

© 2014. Astronomical Society of Japan.
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2 ROTATION OF THE MILKY WAY

1 Dynamical Parameters Representing the
Galaxy

In this review, we use either the traditional galactic constants of
(Ro,Vo)=(8.0 kpc, 200 km s ), or the recently determined
values, (R, Vo)=(8.0 kpc, 238 km s* ) from observations
using VERA (VLBI Experiment for Radio Astrometry) (Honma

et al. 2012; 2015). HereR, is the distance of the Sun from
the Galactic Center andl, is the circular velocity of the Local
Standard of Rest (LSR) at the Sun (see Fich and Tremaine 1991
for review).

An approximate estimation of the mass inside the solar circle
can be obtained for a set of parametersif = 8 kpc and V;
=200 to 238 kms' , assuming spherical distribution of mass,
as

RoVy
e
with G being the gravitational constant, and the Solar rotation
velocity Vo being related toRy asVy = (A — B)Ry, A and
B are the Oort’s constants, which are determined by measuring
radial velocity and proper motion of a nearby star. See Kerr and
Lynden-Bell (1986) for a review about the Oort constants, and
tables 1 and 2 for recent values.

By the definition of rotation curve, we assume that the mo-
tion of gas and stars in the Galaxy is circular. This assumption
put significant limitation on the obtained results. In fact, the
galactic motion is superposed by non-circular streams such as a
flow due to a bar, spiral arms, and expanding rings. The dynam-
ical parameters of the Galaxy to be determined from observa-
tions, therefore, include those caused both by axisymmetric and
non-axisymmetric structures. In table 3 we list the representa-
tive parameters and analysis methods (Sofue 2013b).

In the present paper, we review the methods to obtain pa-
rameters (1) to (10) in the table, which define the axisymmetric
structure of the Galaxy as the first approximation to the funda-
mental galactic structure. Non-circular motions caused by a bar
and spiral arms are beyond the scope of this review, which are
reviewed in the literature (e.g., Binney et al. 1991; Jenkins and
Binney 1994; Athanassoula 1992; Burton and Liszt 1993).

My = (7.44 t0 1.05) x 10" Mg ~ 10" Mg, €))

2 Progress in the Galactic Rotation Curve

Figure 1 shows the progress in the determination of rotation
curve of the Milky Way Galaxy, and table? lists the major

works in the decades. Before and till the 1970’s the inner rota-
tion curve of the Milky Way has been extensively measured by
the terminal-velocity method applied to radio line observations

Fich et al. 1989).

In 1980 to 1990’, outer rotation velocities of stellar objects sources with VERA (Honma et al. 2015); and a semi-logarithmic grand RC
from the Galactic Center, linked to the massive black hole, to half a way to
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Fig. 1. Half a century progress in rotation curve (RC) determination of the

. Milky Way. Top to bottom: 1950's (Kwee et al. 1954); 1970's CO and Hl
such as the Hl line (Burton and Gordon 1978‘ Clemens 1985(Burton and Gordon 1978; Blitz et al 1979); 1980’s Composite of CO, HI and

optical (Clemens 1985); 2001's most accurate trigonometric RC by maser
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Table 1. Oort's constant A and B.

Authors (year) Akms 'kpc™! Bkms !kpc!
IAU recommended values (Kerr and Lynden-Bell 1982) 14.4+1.2 —-12.0+2.8
HIPPARCOS (Feast and Whitelock 1997) 14.8+£0.8 —12.0+0.6
Cepheids (Dehnen and Binney 1998) 14.5+1.5 —12.54+2
Hipparcos proper motion: early type dwarfs (Mignard 2000)1.0 + 1.0 —13.2+0.5
ibid: distant giants (ibid) 14.5+ 1.0 —11.5+0.5
Stellar parallax (Olling and Dehnen 2003) ~ 16 ~—17

Table 2. Galactic constants (Rg, Vo).

Authors (year) Ry kpc Vo kms™?
IAU recommended (Kerr and Lynden-Bell 1982) 8.2 220
Review before 1993 (Reid 1993) 8.0+0.5

Olling and Merrifield (1998) 7.1+04 184+8
VLBI Sgr A* (Ghez et al. 2008) 8.4+04

ibid (Gillessen et al. 2009) 8.33+0.35

Maser astrometry (Reid et al. 2009) 8.44+0.6 254+ 16
Cepheids (Matsunaga et al. 2009) 8.24+0.42

VERA (Honma et al. 2012, 2015) 8.05+0.45 238+14

(OB stars) were measured by combining optical distances an8 Methods to Determine the Galactic
CO-line velocities of associating molecular clouds (Blitz et al.  Rotation Curve
1982; Demers and Battinelli 2007). The HI thickness method.l.he radial velocity,

; S - vy, and perpendicular velocity to the line
was also useful to measure rotation of the entire disk (Merrlfleldof sight, v,, of an object at a distance orbiting around the
1992; Honma and Sofue 1997a).

Galactic Center are related to the circular orbital rotation veloc-
In 1990 to 2000's, VLBI measurements of parallax and iy v/ a5

proper motions of maser sources and Mira variable stars have Ro .

provided with advanced rotation velocities with high accuracy?r = (fv - VO) sin 2)
(Honma et al. 2007). It was also recent that proper motions, g

of a considerable number of stars were used for rotation curve s

measurement (Lopez-Corredoira et al. 2014). Up = U1 = _EV —Vocosl, ®3)

The most powerful tool to date to measure the rotation of theyhere
Milky Way up to R ~ 20 kpc is the VERA, with which trigono-
metric determination of both the 3D positions and velocities are’
done simultaneously for individual maser sources (Honma et alHere . is the proper motion, an& is the galacto-centric dis-
2007; 2012; 2015; Sakai et al 2015; Nakanishi et al. 2015).  tance related te and galactic longitudéby

Since 1990’s, with the kinematics of interstellar gas and in-R _ \/r2
frared stars in the vicinity of the nucleus of our Galaxy, Sgr A
the existence of the massive black hole has been revealed. T8
black hole mass on the order ef4 x 10°M was measured . _ Ro cos | ++/R? — R3sin®l. (6)
by proper-motion measurements of infrared sources around the

nucleus (Genzel et al. 1994; Ghez et al. 1998; Lindqvist et al.
1992; Gillessen et al. 2009). 3.1 Terminal-velocity method inside the solar circle

=r—Rycosl (4)

+ R2—2rRg cos, )

For the total mass of the Galaxy including the extended darKnside the solar circle, the galactic disk has tangential points, at
halo, analyses of the outermost rotation curve and motions ofvhich the rotation velocity is parallel to the line of sight. Figure
satellite galaxies orbiting the Galaxy have been obtained in de2 shows the tangent velocities measured for the 1st quadrant of
tail. The total mass of the Galaxy including the dark halo upthe galactic disk (e.g., Burton and Gordon 1978).
to ~ 150 kpc has been estimated to be3 x 10! M. (Sofue Maximum radial velocities), ., (terminal or the tangent-
2015). point velocity) are measured by the edges of spectral profiles in
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Table 3. Dynamical parameters for the Galactic mass determinationt (Sofue 2013b).

Subject Component  Number of Parameters
I. Axisymmetric structure (RC) Black hole (1) Mass
Bulge(sy (2) Mass
(3) Radius
(4) Profile (function)
Disk (5) Mass
(6) Radius

(7) Profile (function)
Dark halo (8) Mass

(9) Scale radius

(20) Profile (function)
Il. Non-axisymm. structure (out of RC)  Bar(s) (11) Mass

(12) Maj. axis length

(13) Min. axis length

(14) z-axis length

(15) Maj. axis profile

(16) Min. axis profile

(17) z-axis profile

(18) Position angle

(19) Pattern speed,,

Arms (20) Density amplitude

(21) Velocity amplitude

(22) Pitch angle

(23) Position angle

(24) Pattern speed,
lll. Radial flow (out of RC) Rings (25) Mass

(26) Velocity

(27) Radius

t In the present paper we review on subject I.
i The bulge and bar may be multiple, increasing the number of parameters.

Table 4. Rotation curves of the Milky Way Galaxy

Authors (year) Radii Method Remark

Burton and Gordon (1978) 0-8kpc HI tangent RC

Blitz et al. (1979) 8-18kpc  OB-CO association RC

Clemens (1985) 0-18 kpc CO/compil. RC

Dehnen and Binney (1998) 8-20 compil. + model RC/Gal. Const.
Genzel et al. (1994-), Ghez et al. (1998-), etal. 0-0.1pc IR spectroscopy Orbits, velo. dispersion
Battinelli, et al. (2013) 9-24kpc  Cstars RC

Bhattacharjee et al.(2014) 0-200kpc Non-disk objects RC/model fit
Lopez-Corredoira (2014) 5-16kpc  Red-clump gianis RC

Bobylev & Bajkova (2015) 5-12kpc  Masers/OB stars RC/Gal. const.

Honma et al. (2012, 2013, 2015) 3-20kpc Masers, VLBI RC/Gal. const.
Galazutdinov et a. (2015) 8-12kpc  Call velo. and EW distance Call distances (Megier et al. 2009)

Sofue et al. (2009); Sofue (2013b, 2015a) 0-300 kpc CO/HIl/opt/compil. RC/model fit
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determined with high accuracy (Honma et al. 2012, 2015; Sakai
R etal. 2012, 2015; Nakanishi et al. 2015) (figure 1).
] Proper motions of a large number of stars from
HYPPARCOS observations combined with the 2MASS photo-
metric data have recently been analyzed for galactic kinematics
(Roeser et al 2010; Lopez-Corredoira 2014). Proper motions
were obtained from PPMXS catalogue from HYPPARCOS ob-
servations, and the distances were determined from K and J
band photometry using 2MASS star catalogue correcting for
the interstellar extinction. The RCG stars were used for their
assumed constant absolute magnitudes.

200 |

km/s

100 |

Long. (deg)

3.4 Trigonometric method using velocity vectors with
Fig. 2. CO and HI line tangent velocities for the inner rotation curve (Burton VLBI
and Gordon 1978)
The ultimate method to investigate the Milky Way’s rotation,

without being bothered by various assumptions such as the cir-
cular rotation and/or a priori given solar constants, is the VLBI
method, by which three-dimensional (3D) positions and mo-
V(R) = vr max + Vo sin I, ©) tions of individual maser sources are measured simultaneously.
The VERA observations have most successfully obtained
rotation velocities for several hundred galactic maser sources
R = Rosin [. (8) within ~ 10 kpc from the Sun. This project has introduced a
new era in Galactic astronomy, providing us with the most pre-
cise solar constants ever obtained (Honma et al. 2007; 2012;
3.2 Radial velocity method 2015; Sakai et al 2015; Nakanishi et al. 2015).
When the three independent quantities «of p, and r
are known or have been observed simultaneously, the three-
R/ v dimensional velocity vector can be determined uniquely without
V(R) ( — + Vo) . (9  making any assumptions such as a circular orbit. The absolute

- Rio sin [
. . . value of the velocity vector is given b
In this method, the distance has to be measured indepen- y 9 y

dently of other methods such as trigonometric and/or spectroy, _ U2+ U, (11)
scopic measurements. Often used objects are OB stars or as-
sociation. The distances of OB stars are measured from theihere
distance modulus, and the distance is assumed to be the same as
that of its associated molecular cloud or HIl region whose radiapp =
velocity is observed by molecular/recombination line measurey,q
ments. However, errors in the photometric distances are usually

large, resulting in large errors and scatter in the outer rotatior; = v: + Vo sin { . (13)
curve determinations.

the Hl and CO line emissions @ ! < 90° and270 < I < 360°.
The rotation velocity (R) is calculated using this velocity as

and the galacto-centric distance is given by

The method to calculate the rotation velocity using the radial
velocity is applied to various objects, where

+ Vb cos (12)

3.5 Ring thickness method

3.3 Proper motion method In the current methods distances of individual objects are mea-

The rotation velocity can be also measured by using proper mosured independently of radial velocities or proper motions.
tion p. as However, distances of diffuse and/or extended interstellar gases
are not measurable. The HI-disk thickness method has been de-
veloped to avoid this inconvenience (Merrifield 1992; Honma
VLBI techniques have made it possible to employ this methodand Sofue 1997a), where annulus-averaged rotation velocities
where the distance, proper motiorw, (= ru), and radial ve-  are determined in the entire disk. In the method, the angular
locity v, are observed at the same time. Applying this techniquehicknessAb of the HI disk is measured along an annulus ring
to a number of maser sources, the outer rotation curve has be@f radiusR, which is related ta? andi by

V(R) = —g(vp +Vp cos 1). (10)
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Fig. 3. Rotation velocities in the Galactic Center obtained by terminal- Fig. 4. Logarithmic rotation curve of the Galaxy for V, = 238 kms~! and
velocity method using PV diagrams (grey dots: measured values; circles: deconvolution into a central black hole, two exponential-spherical bulges,
running averaged values)(Sofue 2013b). exponential flat disk, and NFW dark halo by the least x?2 fitting shown by
thin lines. A classical de Vaucouleurs bulge shown by the dashed line is
significantly displaced from the observation.
Ab = arctan ; — |- (14)
Ro cos I +/R? — R sin 21 satellite galaxies (Sofue 2013b).

Figure 4 shows a logarithmic rotation curve of the entire
Milky Way. The enlarged scale toward the center is useful to

The longitudinal variation ofAb is uniquely related to the
galacto-centric distancR, and is as a function df (R). Since . .
this method measures the averaged kinematics of the Galaxy, #1@lyze the nuclear dynamics. The curve is drawn to connect

represents a more global rotation curve than those based on tifaé central rotation curve smoothly to the Keplerian motion rep-
previous described methods. resenting the central massive black hole of nags< 10° Mg

(Ghez et al. 2005; Gillesen et al. 2009). This figure shows
the continuous variation of rotation velocity from the Galactic
4 Rotation in the Galactic Center Center to the dark halo.

For its vicinity the Galactic Center rotation has been studied in Detailed analyses of the rotation curve and deconvolution

most detail among the spiral galaxies, particularly in the nucleanlnto mass components will be described in chapter 4.
region around Sgr Anesting the super massive black hole.
Extensive CO-line observations of the Galactic Center haveg Uncertainty and Limitation of Rotation
provided us with high quality and high-resolution longitude-  cyrve Analyses
velocity (LV) diagrams in the Galactic Center (e.g., Dame et al. .
2001; Oka eta |. 1998). Figure 3 shows the rotation curve in the6‘1 Accuracy diagram
central~ 100 pc as obtained by applying the terminal-velocity The accuracy of the obtained rotation curve of the Milky Way
method to these LV diagrams (Sofue 2013b). is determined not only by the measurement errors, but also by
Further inside~ 0.1 pc of the Galactic Center, infrared the employed methods and the location of the observed objects
proper-motion measurements of circum-nuclear giant stars havié the Galactic disk (Sofue 2011).
shown that the stars are moving around Sgririclosed ellip- The most common method to calculate rotation velogity
tical orbits. Analyses of the orbits showed high velocities thatusing the radial velocity, and distance yields

increase toward the nucleus, giving firm evidence foramassive , R Uy v 15
black hole locating at the same position as SgoA~ 4 million T Ry ( sin [ + 0) ' (15)
solar masses (see section 2.2). The error of the derived velocity is given by

AV =1/ 0VE + 6V, (16)
5 Logarithmic Rotation Curve: From Black where

Hole to Dark Halo

% 76V6 6V78V6 17

A rotation curve covering wider regions of the Galaxy has”"v" =~ gy, Urs =g 0" an

been obtained by compiling the existing data by re'sca"ngRemembering equations (5) and (9) we obtain
the distances and velocities to the common galactic constants

1/2

(Ro,Vo)=(8.0 kpc, 200 km's' ) (Sofue et al. 2009). Rotation Ay — [( R )2 P (3 V)2 573} (18)
ro . T 2 .

velocities in the outermost Galaxy and beyond the disk were es- Ro sinl R

timated by analyzing radial velocities of globular clusters and  The rotation velocity using the proper motiop is given by
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-15 -10 -5 0 5 0 15 20

accurate rotation curve determination. On the contrary, it yields
the largest error near the singularity line running across the Sun
and the Galactic Center, where the circular rotation is perpen-
dicular to the line-of-sight.

In figure 5 we show an accuracy diagram of the proper-
motion method fobwv, /r =1 km s~! kpc™, or §u = 0.21mas
y~!, andér/r = 0.02. Contrary to the radial velocity method,
the error becomes smallest along the Sun-GC line, but it is
largest near the tangent point circle, where equation 20 diverges.
Thus, the tangent-point circle is a singular region in this method.

@) X kpe This behavior is just in opposite sense to the case for the radial-

-15 -10 -5 0 5 10 15 20

velocity method, and the radial-velocity and the proper-motion
methods are complimentary to each other.

Figure 5(c) shows the same, but for errors in velocity vector
method using the 3D trigonometric measurement. This method
yields much milder error variations in the entire Galaxy, show-
ing no singular regions.

6.2 Implication

The accuracy diagram\V,x (X,Y’), demonstrates the reason

(b) X kpe why the rotation curve is nicely determined along the tangent-

point circle, which is a special region yielding the highest accu-
racy determination of rotation velocity. The diagram also sug-
gests that the butterfly aread at 100 — 135° andi ~ 225 —280°

© are suitable regions for outer rotation curve work using the
ﬁ» radial-velocity method.

NN ——

-15 -10 -5 [ 5 0 15 20

(©

In the proper motion method, the most accurate measure-
ment is obtained along the Sun-Galactic Center line, as was
indeed realized by Honma et al. (2007). It must be also em-
phasized that the minimum error area is widely spread over
1 ~120—250° in the anti-center region, as well as in the central
X kpe region inside the tangent-point circle. On the other hand, the

largest error occurs along the tangent-point circle, which is the

Fig. 5. (a) Accuracy diagrams AV,r (X,Y") for dv, =1 km s~tandér/r=
0.02 (2% distance error),

(b) AVE (X,Y) for p=0.2masy~ ', and

(€) AVYeS(X,Y) for dvy, /7 =1 kms™! kpc™! corresponding to §p = 0.21

rot

singularity region in this method.

masy~!, dv, =1 kms™', and &r/r = 0.02 (Sofue 2011). 7 Radial-Velocity and Proper-Motion Fields

If the rotation curve is determined, we are able to measure kine-
Vi = —E(Up Vo cosl). (19) matical distances of any objects in the galactic disk by applying
the velocity-space transformation, assuming circular rotation of
Knowing R? — s*> = R3sin’l, we have the errors in this quantity the objects (Oort et al. 1958; Nakanishi and Sofue 2003, 2006,
as 2015). The kinematical distance is obtained either from radial

R

AVE ==
s

rot

sR?

In figure 5 we present examples of the accuracy diagram

a2 1/2 velocity or from proper motion using equations (2) and (3), and

51,12) + <M) 5r2] . (20) the velocities can be represented as a map on the galactic plane,
as shown in figures 6.

It may be worth to mention that the solar circle is a special

of the radial velocity method for a set of measurement errorsfing, where the radial velocity is zere, =0, whereas the proper
Sv, =1 km s~ andér/r = 0.02, or 2%. It is readily seen that motiony has a constant value with

the accuracy is highest along the tangent point circle (white re-

gions), proving that tangent-point circle is a special region for#o = — 5~ =
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X kpc

Fig. 6. (a) Radial velocity field v, (X, Y") with contour increment 20 kms~!

, and (b) proper motion field (X, Y") with contour increment 1 mas y~*.

The circle near the solar orbit is for 5 mas y .

which yieldspe = —5.26 mas y ! for Ry = 8 kpc andV, =
200 kms™*.

VLBI trigonometric measurements have made it possible
to apply this method to determine kinematical distamge ‘ ‘ ‘ ' "
However, the radial-velocity field is currently used more com- -30 kpc X (kpc) +30 kpc
monly to map the distributions of stars and interstellar gas in the 0 5 10
galactic plane because of its convenience.

8 Velocity-to-Space Transformation

If a rotation curveV (R) is obtained or assumed, the radial ve-
locity v, of an object in the galactic disk is uniquely calculated " 30 20 10 0 10 20 30
by equation (2). Figure 6 shows a thus calculated distribution Xkpe
of the radlal_ velocity, or the _VelOCIty field. Equation (2) In- Fig. 7. [Top] 2D HI map of the Galaxy, showing the distribution of volume
cludes the distance and longitude. Therefore, the equation Cafnsity of the HI gas in the galactic plane on the assumption of circular
be solved inversely to determine the position of an object usingotation of the disk (Oort and Kerr 1958).
its radial velocity. This procedure is called the velocity-to-spacelMddie] Surface densities of HI (contours) and H; (grey scale) gases ob-
. tained by integrating the 3D maps in the Z direction (Nakanishi and Sofue
(VTS) transformation. 2016).
By this method, the position of an object outside the solar[Bottom] HI and H, cross-section map of the Galaxy in the (X, Z) plane
circle is uniquely determined, but it has two-fold solutions for across the Galactic Center. Shown here are the volume densities HI (ex-
. o . . . tended thick disk i le) and Ho (thin disk by cont Sof d
objects inside the solar circle. In order to solve this two-folding ‘"¢ tick disk in gray scale) and Hs (thin disk by contours) (Sofue an
. . . . Nakanishi 2016). Note, the Z axis is enlarged by 4 times.
distance problem, further information such as apparent sizes of
individual clouds and/or disk thickness is employed.
Applying the VTS transformation, galactic maps of HI and

H> gases are obtained as follows. Column densities of HI and
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H. gases are related to the HI and CO line intensities as

Nur [Hem™?] = Cin /THI(v)dv [K kms™'] (22)
R (kpo)
and 200 0 10 20 30 40
Takase 1957 1

N, [Hz cm™?] :CHQ/Tco(v)dv [K kms™'], (23) wf | “‘ 0 h | |
whereTy; andTco are the Hl and CO line brightness tempera- v 200 - LI/A/H!—\\ |
tures, and”; are the conversion factors, afgh; = 1.82 x 10'8 (k)| L u 1
[Hcm 2] andCh, ~ 2 x 10*°f(R, Z) [H2 cm™2] are the con- r '! ! 1
version factors, and is a correction factor depending éh(e.g. o - — 0
Arimoto et al. 1996). :(tp:'")

Volume density of the gas corresponding to radial velocity 00 20 20 0 20 40

v, is obtained by - Roberts 1966 T . ]

200 - = B

— d;\/;fﬂ _ d(]i\gjl Cg; _ CHITHI(UY)% (24) 0 :

and (km/s) | |

-200 + i

= B0t _ ity e _ (25) N S

These formulae enables us to create a face-on view of the ISM 180 20 0 ey 120180

in the Galaxy, where the three-dimensional distribution of the 40 20 R (kee) 20 40

volume densities of the HI andJHjases can be mapped. Fig. _600|- Chemin et al 2009 | /»*‘ i ]
7 shows the thus obtained face-on view of the Galactic disk Il of il

(Nakanishi and Sofue 2003, 2006, 2015). Vr;:‘m ’ o ]

5ot 04 1

3 ROTATION CURVES OF SPIRAL il .

GALAXIES or ‘ ‘ ‘ ‘ ‘ ]

-180 -120 -60 X (a?cmin) 60 120 180

1 Progress in Rotation Curve Studies o o e 20 40

Evidencing for the Dark Halo O M oneminctal 2000 | ‘ J
The rotation of galaxies was discovered a century ago when in- 001y a5 LR
clined spectra were observed across the nuclei of nearby galax- v 200 I :‘3{? i ]
ies. The modern era of rotation curves started in the 1950’s /<) 1
when red-sensitive photographic plates were used to observe the 100 I |
Ha 26563 and [NII]A6584 emission lines arising from HIl re- 0 ‘ ‘ ‘
gions. History review of developments in the galaxy rotation ’ 0 XGarominy 20 %0
has been given in Sofue and Rubin (2001).

Since the early measurements, flat rotation curves were rou- soor )
tinely observed in spiral galaxies. Figure 8 shows a progress in 00k |
the rotation curve obtained for the spiral galaxy M31. Late in (k\r/ﬂ/s)
the last century, larger and advanced telescopes and detectors in 100
optical, infrared, and radio observations combined with higher
spectral resolution have allowed us to obtain higher accuracy ro- LK 1 10 00

. . R (kpc)
tation curves at farther distances. The generally observed ‘flat ¥

rotation’ in disk galaxies has shown the existence of maSSiV(Fig. 8. Half a century progress in the rotation curve of M31. From top to
dark halo around galaxies. bottom: 1950’s rotation curve using data by M.U. Mayall et al. of 1940’s
(Takase 1957); 1960's in the HI 21-cm line (Roberts 1966); a modern PV
diagram and rotation curve in HI, showing flat rotation up to 40 kpc (Chemin
etal. 2009); and a grand RC from the center to ~ 300 kpc in semi logarithmic
scaling (Sofue 2013b).

In this subsection we review the progress in obtaining rotation
curves and related techniques and analysis methods. The con-
tent is based on our earlier review in Sofue and Rubin (2001),

2 Observations of Rotation Velocities
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Kamphius and Brigg 1992; Vogel et al. 1993; Hernandez, et

#ﬂlwi ‘gv. . ”:",-.fg]v.'g H al. 2005; Daigle et al. 2006; Dicaire et al. 2008; Shetty et al.
bt - o -,[;\IEI']‘W“":"*‘ 2007). . _ .

6620 i {lﬁéﬁv g ?ﬁﬂ-o ¢ The recent "DiskMass” survey of disk galaxies have ob-
. - @Xg%@g“%%%”w. served largest sample of nearly face-on galaxies from the
% o (fjm?im}v 40,!.* Upsala Galaxies Catalogue (UGC) brighter thiaa- 14.7 with
g6610 Lo ) " " N, disk sizes 10 to 20 arcsec, and obtained their two-dimensional
] o dynamical data (Bershady et al. 2010a,b; Martinsson et al.
g - “"f ?'?h,a. -oof' 2013a, b; Westfall et al. 2014). They employed integral-field

ﬁf”%%%)'%é spectroscopy fiber instruments to measure stellar and ionized
o ;.q‘;- b A LT ) ‘°l' gas kinematics, covering [OIREOO? and .hizlin(.es. They also
6590 ]qu; bey7 }?Vﬂ o .‘wg y ;;4' . gbserveq Mglb'and Call nea.\r-lnfrared tnplet in stellar absorp-
C e e D L e tion for kinematics of spheroidal and old disk components.

11
0 60 ] 120
Pix
2.3 Infrared spectroscopy
Fig. 9. Slit spectrum of the Ha: 6563A and [NII] 6584A lines along the major

axis of Sb galaxy NGC 4527 (Sofue et al. 1999b) Spectral observations in the infrared wavelengths, including the
Pax and/or [Si VI] lines, and integral field analysis technique

. . . gre powerful tools to reveal kinematics of dusty disks (Krabbe
while recent topics and particular progress are added. In table .
et al. 1997; Tecza et al. 2000). They are particularly useful

we list the major papers in which rotation curve data are avail- ) . ) L
. . L in the nuclear regions of spiral galaxies, where dust extinction
able in machine-readable formats, or in figures and tables.

is significant, so that even such a red line asislheavily ob-
scured. Infrared observations are also powerful for mergers with
dust buried nuclei.

Rotation of outer disks of galaxies is crucial to derive the
mass in the dark halo, while observations are still scarce be-

I|ne§ sa:jmp'lehpopulfatloh I objeFts, partrl]cularlly HII :fgll(or? 5" cause of the faint and small numbers of emission regions. Not
sociated with star forming regions in the galactic dis (|gure0nly bright HII regions, but also planetary nebulae and satel-

9). Thesg ObJeCt,S have. small velocity dlsp.ersm.n compareq t(ﬂte galaxies are used as test particles for determining the mass
the rotation velocity, which allows us to derive circular veloci- distribution in outer regions

ties without suffering from relatively high velocity components
by polulation Il stars. The traditional method to derive rotation
curves is long slit spectral observation along the major axis o2.4 Hl and CO lines

2.1 Optical observations

Observations of optical emission lines such asaHd [NII]

disk galaxies (Rubin et al. 1982?’*3’ 1985; Mathewson et alThg 21-cm Hi line is powerful to obtain kinematics of entire spi-
1992; Amram et al. 1994; Corradi et al. 1991; Courteau 1997y galaxy, because the radial extent in HI gas is usually much

Sofue et al. 1998). greater than that of the visible disk. HI measurements have
On the other hand, absorption lines, showing high velocityplayed a fundamental role in establishing the flatness of rota-
dispersion and slower rotation, manifest kinematics of population curves in spiral galaxies (e.g., Bosma 1981a, b).
tion Il stars composing spheroidal components and thick disk. The CO molecular lines in the millimeter wave range are
Their line width is used to estimate the Virial mass through theyaluable in studying kinematics of the inner disk and central re-
pressure term in the equation of motion. In this paper, howgions of spiral galaxies for their higher concentration toward the
ever, we concentrate on low velocity dispersion component foicenter than HI, which is deficient in the center, and for their ex-
rotation velocities. tinction free nature against the central dusty disks (Sofue 1996,
1997).

2.2 Two-dimensional spectroscopy for velocity fields

Fabry-Perot spectrographs are used to measure twc)3 Methods to Determine Rotation Velocities

dimensional velocity fields in disk galaxies. Velocity fields A rotation curve of a galaxy is defined as the trace of terminal
include information not only of the global galactic rotation, velocity on the major axis corrected for the inclination of the
but also non-circular stream motions due to spiral arms andjalaxy’s disk. The observed lines are integration various veloc-
bars (Vaughan 1989; Vogel et al. 1993; Regan and Vogelty components along the line of sight through the galaxy disk.
1994; Weiner and Williams 1996; Garrido et al. 2002, 2004;Hence, the intensity peaks do not necessarily represent the ter-
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Table 5. Large catalogues of rotation curves in the two decades

Authors (year) Objects Distances Method Catalogue type
Mathewson et al. (1992) 965 southern spirals <~ 100 Mpc ~ Ha/HI RC/TF
Amram et al. (1994) 21 NGC/UGC Cluster Ha RC/VF/tab.
Universal Rotation Curvefl996~) 967 southern spirals  Nearby Av. of compil. Universal RC
Makarov et al. (1997, 2001) 135 edge-on ~ 100 Mpc Ho RC
Vogt et al. (2004a,b) 329 spirals z < 0.045 Ha/HI, RC, M/L, FuP
GHASP(2002-05) 85 spirals HalFP RC/VF
Marquez et al. (2002) 111 spipral/NGC Ha/HII RC
Blais-Ouellette et al. (2004) 6 Sh/Sc <~ 20 Mpc FP RC/VF
Fridman et al. (2005) 15 Sh/Sc/NGC 10 - 70 Mpc Hv/FP RC/PVIVF
Big H, FP (2005~) 21 barred spirals 2-38 Mpc H, FP RC, Vf
Noordermeer et al. (2005, 2007) 19 S0/Sa/U,NGC 15-65 Mpc of/HH RC/PVIVF
THINGS(2008~) 19 Nearby NGC Nearby HI RC/PVIVF
Spano et al. (2008) 36 NGC Nearby HI RC
DiskMass(2010~) 146 face-on B<14.7 Ha/[Olll)/Call/IS RC/VF
Nearby Galaxies R{1996v) ~ 100 Sh/Sc/NGC Nearby+Virgo  H/CO/HI RC/PV
McGaugh et al. (2001) 36 LSB Had/slit RC
de Blok and Bosma (2002) 26 LSB/UGC 3-45 Mpc Hx/HI RC/PV
Swaters et al. (2009) 62 LSB dw/IflUGC  Nearby Ha RC/PV

T RC=rotation curve, VF=velocity field, PV=position-velocity diagram, FP=Fabry Perrot, FuP=fundamental plane; IS=integral fiber

spectroscopy.

 Univeral RC Persic and Salucci (1995, 1996), Persic et al. (1996), Salucci et al. (ZOMGS de Blok et al. (2008)GHASP
Garrido et al. (2002-05)DiskMass Bershady et al.(2010a,b), Martinsson et al. (2013a,b); Big EFSHrvey (Hernandez, et al.
2005), Daigle et al. (2006); Dicaire et al. (200Blearby Galaxies RCSofue et al. (1996, 1999, 2003), Sofue (2016) .

minal velocities. and high density bulge core, where gas and stars are most vio-
lently moving. Therefore, one must carefully apply the peak-

intensity and/or intensity weighted velocity methods, because
the methods often largely underestimate the central rotation ve-

The velocity at which the line intensity attains its maximum, |ocities. However, they usually result in good approximation in
which is called the peak-intensity velocity, is often adopted tosyfficiently resolved outer disks.

represent the rotation velocity (Mathewson et al. 1992, 1996).
More popular method is to measure the intensity-weighted ve-
locities, which is sometimes approximated by a centroid veloc-3-2 Terminal-velocity and envelope-tracing method

ity of half-maximum values of a line profile (Rubin et al. 1982a, The terminal velocity; in a position-velocity (PV) diagram is
b, 1985). The intensity-weighted velocity is defined by defined by a velocity, at which the intensity becomes equal to
fl'('ur)vrdvr

f[(vr)dvr '
Here,I(v,) is the intensity as a function of the radial velocity.
Rotation velocity is then given by

3.1 Peak-intensity and intensity-weighted velocities

‘/int = (26)

I = [(nTmax)” + L] /2, (28)

where I'nax is the maximum intensity, andl; is the intensity
representing the lowest contour, which is often taken-&

Viot = (Vint — Viys) /sin i, (27)  'ms noise level in the PV diagram. The fractigr{0.2 ~ 0.5)

represents the critical intensity level of the line profile.

wherei is the inclination angle anthy is the systemic velocity The rotation velocity is then derived as

of the galaxy.

However, the intensity-weighted velocity gives always un- Vit = (Vi — Viys)/sin i — (02 +O_I2SM)1/27 (29)
derestimated rotation velocity because of the finite resolution of
observation, due to which the plus and minus velocities in bothwheressm andoon,s are the velocity dispersion of the interstel-
sides of the nucleus are not resolved, but are averaged. Thus, def gas and the velocity resolution of observations, respectively.
rived rotation curves often start from zero velocity at the centerThe interstellar velocity dispersion is of the orderogfn ~ 7
However, the nucleus is the place nesting a massive black hol® 10 km s , while o1, depends on instruments.
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3.3 lteration methods using position-velocity (PV)
diagram and 3D cube

A reliable method to estimate the rotation velocity is the iter-

ation method, with which observed PV diagram is reproduced Observed PV / Cube

by the finally obtained rotation curve (figures 10, 11; Takamiya

and Sofue 2000). In this method, an initial rotation curve,RC Y

settled from the observed PV diagram using by any method as itial 10 from PV Intensity distribution

above. Using Rg and the observed radial distribution of the nitial 7(0) from PV(r) / Cube(x,)

intensity, a PV diagram, PV is constructed. The difference ¢ /

between PY and P\ is then used to correct RGo obtain a * /

corrected r_otatlon curvg, RCThis RG is u_sed to. calc?ulgte gn PV(i), Cube(i) € VD=V V)

other PV diagram PYusing the observed intensity distribution,

from which the next iterated rotation curve, RiS obtained by ¢ No A

correcting for the difference between P&hd P\4. This proce- -

dure is iteratively repeated until R¥nd P\y, becomes identical Z%’)a:rﬁo)_ Vi) > Sum dV(i)2 < Criterion

within the error, and the final P\Mjives the most reliable rota-

tion curve. Yes ¢
V(i)=Rotation Curve

3.4 3D cube iteration

The PV diagram along the major axis represents only one di-
. L . . . Fig. 10. Iteration method of rotation curve fitting using PV diagrams and/or
mensional velocity information along the major axis. The next-

generation measurement of rotation velocities would be to uti-3D cube

lize three-dimensional spectral data cube of the entire galaxy. 20l TT T _J_f‘j_ T l ]
This will be particularly useful for optically thin radio lines in I - - |
the central regions such as Hl and CO lines. The reduction pro- veotr. | = =

km/s

cedure would be similar to that for the PV iteration method.
We first settle an approximate RC, and calculate a data cube ) - -
using this RC and observed intensity distribution. The calcu- 200~ TP .
lated cube is then compared with the original cube, and the 50 0 -50
difference is used to correct for the initially assumed rotation SO LI B B B B B R B
curve. This procedure is repeated iterative to minimize the dif-

ference between the calculated and observed cubes. In 3D it-

eration method, the entire data cube is analyzed without losing P
information, and we would be able to reach an ultimate rotation
curve of a galaxy. The method will be particularly useful for 200

obtaining a rotation curve in the central region, where observa-
tional resolution is not sufficient.

3.5 Tilted-ring method for rotation velocity Vot
rof 0

km/
The rotation velocity;.t, inclination angle;, and observed ra- "
dial velocity v, relative to the systemic velocity are related to

each other as

-200

X (arc sec)

vr(1,0) = Viot (1) cos 0 sin 1, (30)
Fig. 11. Iteration method: a PV diagram of NGC 4536 in the CO line (top
wheref is azimuth angle in the disk of a measured point from panel), an approximate rotation curve using the peak-intensity method and

the major axis. Obviously the rotation velocity and inclination corresponding PV diagram, the final rotation curve and reproduced PV dia-
are coupled to yield the same valuewpf gram (bottom).

The most convenient way to derive a rotation curve is to
measure radial velocities along the major axis using position-
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velocity diagrams, as described in the previous subsection.

Thereby, inclination anglé has to be measured independently 08
or assumed. Given the inclination, the rotation velocity is ob- '
tained by 06
>
Vi — Uy 31 0.4
rot — sini ( )

0.2

with v, = v, (r,0).

Inclination angles is measured from the ratio of major to
minor axial lengths of optical isophotes of a galaxy. An alter-
native way is to compare the integrated Hl line width with that

20 40 60

phi, theta deg.

80

Fig. 12. Variation of V' = v, /v, max along a tilted-ring as a function of

expected from the TuIIy-Fisher relation (Shetty et al. 2007).position angle ¢ (full line) for different inclinations (from bottom lines: i =

. ) . L 85°, 75
However, as equation 31 shows, the error in resulting veIOC|tyg ’
shown dashed.

is large for small, and the result diverges for a face-on galaxy.

If a velocity field is observed, coupling of the rotation veloc-
ity and inclination can be solved using the tilted-ring technique
to determine either rotation velocity or the inclination (Bosma
1981a, b; Begeman 198%zka et al. 2007). The radial velocity
vy IS related to position anglé and azimuthal anglé as

f(0,8) = —=— = cos 0(@i), (32)
with
0(6,7) = atan (%) , (33)

anduv; max IS the maximum value along an annulus ring.

Figure 12 shows variations ofos 6(¢), or v, hormalized
by its maximum value along an annulus ring, as functiong of
and@ for different values of inclination. The functional shape
againstp is uniquely dependent on inclinatierwhich makes it
possible to determine inclination angle by iterative fittingof
by the function. Once is determined};.. is calculated using
vy. Thus, both the inclination and..; are obtained simultane-
ously.

°, 60°, 45°, 30° and 15°). Variation against azimuthal angle 6 is

Fig. 13. Tilted rings and velocity field fitted to HI velocity fields of NGC 5055

(Bosma 1981a, b).

3.6 Tilted-ring method for inclination

In often adopted method, the galactic disk is divided into The tilted-ring method is useful for highly and mildly inclined
many oval rings, whose position angles of major axis are deterdalaxies for velocity determination, but it fails when the galaxy

mined by tracing the maximum saddle loci of the velocity field
(figure 13). Along each ring the angheis measured from the
major axis. Observed values 6f6,7) are compared with calcu-
lated values, and the value ofs adjusted untithi? gets mini-
mal stable. The value afyielding the leasj? is adopted as the
inclination of this ring. This procedure is applied to neighboring
rings iteratively to yield the least® over all the rings. Begeman
(1989) has extensively studied the tilted-ring method, and con
cluded that it is not possible to determine inclinations for galax-
ies whose inclination angles are less thafn. Recently more

is nearly face-on. This property, in turn, may be used to deter-
mine the inclination by assuming the rotation velocity, remem-
bering that the inclination is written asin i = v, /V;0t, Which
means that the inclination can be determined by measuring

if Vot IS given.

This equation is used for determination of inclination us-
ing the Tully-Fisher relation: The intrinsic line width is deter-
mined by the disk luminosity, and is compared with observed
line width to estimate the inclination angle. The equation can
be used to determine inclinations of individual annulus rings,

sophisticated methods incorporating the velocity field as a 30f the rotation curve is given. This principle has been applied
cube data (velocityy andy) have been developed in order to fit to analyzing warping of the outer HI disk of the face-on galaxy

disk rotation curve (Di Teodoro and Fraternali 2015; Bareh
al. 2015).

NGC 628 (Kamphuis and Briggs 1992) and M51 (figure 20:
Oikawa and Sofue 2014).
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Fig. 14. Rotation curve compilation (Sofue 2016), which includes those from
Sofue et al. (1996, 1999, 2003); Ryder et al. (1998); Hlavacek-Larrondo et
al. (2011a,b); Erroz-Ferrer et al. (2012); Gentile et al. (2015); Olling R. P.
(1996); Whitmore & Schweizer (1987); Richards et al. (2015) ;Scarano et al.
(2008); Gentile et al. (2007); Marquez et al. (2004); de Blok et al. (2008);
Garrido et al. (2005); Noordermeer et al. (2007); Swaters et al. (2009);
Martinsson et al. (2013); Bershady et al.(2010a,b).

Vrot(km/s)

4 Galaxy Types and Rotation Curves

4.1 Observed rotation curves

Figure 14 shows rotation curves published in the two decades 300 1
as compiled from the literature by Sofue (2016), and figure 15 :22007 ]
shows those for galaxies types from Sa to Sc. The shapes of g

disk and halo rotation curves are similar to each other for differ-

ent morphologies from Sa to Sc, from less massive to massive ol L ' s = o " .
galaxies. This suggests that the form of the gravitational po- R (kpc)
tential in the disk and halo is rather universal over the gala'XyFig. 15. Rotation curves (RC) for Sa type galaxies (top: Noordermeer et al.

types. 2007), Sb (full lines) and barred SBb (dashed lines) (second panel); Sc and
Figure 14 shows examples of rotation curves of nearby spiSBc (third panel: Sofue, et al. 1999), and dwarf and LSB galaxies (bottom:

ral galaxies obtained by combining optical (mainly}-and ra- ~ Swaters etal. 2009)

dio (CO and HI) observations. There is a marked similarity of

form of rotation curves for galaxies with different morpholo-

gies from Sa to Sc (figure 15). The forms may be classified into

three groups: the centrally peaked, shoulder rise, and rigid-body

rise types. The three types are observed mainly in massive and

large-diameter galaxies, medium sized galaxies, and less mas-

sive Sc and dwarf galaxies, respectively.
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Fig. 17. Black circles show Gaussian averaged rotation curve from all galax-
ies listed in Sofue et al. (1999). Long and short bars are standard devi-
ations and standard errors, respectively. Thin lines show the least-x? fit-
ting by de Vaucouleurs bulge (scale radius 0.57 kpc, mass 9.4 x 109M@),
600~ b exponential disk (2.7 kpc, 3.5 x 10'° M), and NFW dark halo (35 kpc,
po =3 X 10*3M@ pc~3). Three dashed lines are averaged rotation curves
of galaxies with maximum velocities greater than 200 km s~ , between 200
and 250 kms~!, and below 200 km s~ , respectively, from top to bottom.
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Fig. 16. (a) Universal rotation curves obtained from 967 spiral galaxies by )
solid lines (Persic and Salucci 1995; 1996). (b) Observed rotation curves Fig. 18. Logarithmic rotation curve of M31. Thin lines show the least-x~ fit
from figure 14 with the origins shifted according to the disk rotation velocities by the bulge, disk and dark halo components.

(averages from R = 1 to 10 kpc), approximately from Sa (top-left), Sb to Sc

(bottom-right). o .

4.3 Flatness and similarity of rotation curves

The flatness of the overall shape of entire rotation curves applies
to any mass ranges of galaxies. Figure 17 shows averaged ro-
tation curves of galaxies from the sample of Sofue et al (1999),
categorized into three groups by dashed lines, one those with
maximum rotation velocity greater than 250 km's and the
Massive Sa to Sb galaxies show higher central velocities tha§€cond between 200 and 250 kit s and the third slower than
less massive Sc galaxies (figure 16). On the contrary, dwar00 kms*.

galaxies show slower central rise in a rigid-body fashion. ~The thick line shows a Gaussian averaged rotation curve of
Massive galaxies have universally flat rotation, while less mas2ll the sample galaxies, where long and short bars denote the
sive galaxies show monotonically increasing rotation curvestandard deviation and standard error of the mean value, re-
(Persic and Salucci 1995; 1996; Persic et al. 1996). The obspectively, in each radius bin at 0.5 kpc interval with Gaussian
served rotation curves may be approximated by simple funcaveraging width of 0.5 kpc.

tion (Persic et al. 1996; Courteau 1997; Roscoe 1999), which

is dependent on the luminosity and radius of a galaxy in the .

sense that the more luminous is a galaxy, the higher is the ma>(r-’ Dark Halo: Grand Rotation Curves

imum rotation velocity. It was also shown that the mass-to-The outermost rotation curve beyond the flat disk is still not
luminosity (M/L) ratio is larger for less massive, hence less lu-well determined for external galaxies because of the lack in ex-
minous galaxies. This correlation has been also found to be theended disk and weak emissions. In order to solve this difficulty,
case for Sc to dwarf galaxies, exhibiting a universal scaling renon-coplanar objects such as outer globular clusters and satellite
lation between the luminosity and dark halo mass (Kormendygalaxies have been often used to estimate the dark halo masses
and Freeman 2016). applying the Virial theorem.

4.2 Universal rotation curve
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6.2 Logarithmic presentation

Logarithmic presentation of rotation curves is powerful to dis-
cuss the innermost dynamics in relation to the galactic structure.
Figure 19 shows rotation curves of nearby galaxies and Virgo
samples in logarithmic presentation. Also shown are the rota-
tion curves of nearby galaxies with known super massive black
R A hole, where black holes and outer rotation curves are interpo-
d%001 0001 001 0.1 1 10 100 lated by dashed lines. The thick line with dots and error bars
are the rotation curve of the Milky Way (Sofue 2013b). The fig-
Fig. 19. Logarithmic rotation curves of nearby spiral galaxies with typical res- ure demonstrates that, except for the Milky Way, the resolution
olutions, ~ 2 — 10" (thick lines) and those from Virgo CO survey (~ 1"/, thick is not sufficient, and higher resolution observations such as us-

dashed lines), compared with the Milky Way rotation curve (circles with error ing ALMA are a promising subject for the future for linking the
barls). Thin dashed Iine§ show NGF: 22{1, 1068 and 4258 as interpolated with central black hole to the galactic structure.
their black holes by horizontal straight lines.

6.3 Effect of finite resolution

Similarly to the Milky Way as described in section 2, orbit- o o )
c>imulation in figure 11 reveals the effect of the finite resolution

ing satellite galaxies can be used to obtain expected circular v ] i
locities within several hundred kpc of the parent galaxy (SofueOn the observed PV diagram as shawn. Central rotation curves

2013b). The technique has been applied to M31 to derive gerived from observ.e.d PV diagrams gengrally give_ lower Iimi'Fs
grand rotation curve (GRC) within- 300 kpc by combining to the rotation Yelocmes. Angulgr resolution a.nd hlgh dynaml_c
disk rotation velocities and radial velocities of satellite galaxiesrange are crucial for the analysis of central kinematics (Rubin
and globular clusters. Figure 18 shows the logarithmic GRC an&t al. 1997; Sofue et al. 1998, 1999; Bertola et al. 1998).

model fitting by bulge, disk and dark halo components (SofueAlso crucial is the interstellar extinction in optical observations

2015a). The whole rotation curve up 040 kpc is well rep- of the nuclear dusty disks. To avoid this difficulty, radio line

resented by the pseudo-isothermal halo model (Burkert 1995c’>bservations, particularly the CO lines, are powerful because

predicting a flat rotation, while the outermost region beyond 5001‘ the negligible extinction and high concentration in the nuclei
kpc seems to be better represented by the Navaro-Frenk-Whit(éS ofue etal. 1999).

(1996, 1997) (NFW) model (see chapter 3).

7 Shapes of Rotation Curves and Galaxy

. Types
6 Nuclear Rotation Curves and Black Holes
Figure 15 shows observed rotation curves of Sa, Sb, Sc and low-

6.1 Innermost velocities surface brightness galaxies. Individuality of observed rotation
) curves of many spiral galaxies can be explained by the differ-
Central rotation curves have been produced for a number 0(fznce in dynamical parameters of the bulge, disk and dark halo.

galaxies by a systematic compilation of PV diagrams in the H Without any particular exception, the observed rotation curves

and CO lines (Rubin et al. 1997; Sofue etal. 1997, 1998, 1999, 1o reproduced by properly choosing the masses and scale
Bertola et al. 1998;). Many spirals exhibits rapid central ve-

- . . : radii of the mass components.
locities, suggesting massive compact nuclear objects (van der

Marel et al. 1994; Kormendy and Richstone 1995; Richstone,
et al. 1998, Bertola et al. 1998; Ferrarese 1999; Kormendy and.1 Sa to Sc galaxies

Westpfahl 1989; Kormendy and Ho 2013). In each mass component of the bulge, disk and dark halo, it

VLBI water maser observations of the spiral galaxy NGC is known that the larger is the scale radius, the more massive
4258 showed a disk of radius 0.1 pc in Keplerian rotation, indi-is the component, and therefore the higher is the correspond-
cating the first firm evidence for a massive black hole of masdng rotation velocity (Sofue 2016). This general characteristics
of 3.9 x 10" M, (Nakai et al. 1993; Watson and Wallim 1994; applies to the comparison among different galaxies. Thus, the
Miyoshi et al. 1995; Herrnstein et al. 1999). Further VLBI general tendency of differences of rotation curve shapes among
observations of the water maser line have revealed a rapidly rathe galaxy types can be simply attributed to their mass and size
tating nuclear torus of sub parsec scales in several nearby adifferences. Namely, earlier-type (Sa, Sb) galaxies are generally
tive galactic nuclei (Haschick et al. 1990; Trotter et al. 1998; more massive and larger in size, and hence show higher rotation
Sawada-Satoh et al. 2000; Greenhill et al. 1996). velocity, than later (Sc) type galaxies.
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The most significant difference in the shape occurs in theof the galaxies@stlin et al. 1999). Also, dwarfs with higher
central rotation curves: Sa and Sb galaxies, including the Milkycentral light concentrations have more steeply rising rotation
Way, have high-velocity rotation near the nucleus, while Sccurves, similarly to spirals.
galaxies show slower and rigid-body like rotation in the cen-
ter. This means that Sa and Sb galaxies have large and massive Observations show that the mass-to-luminosity (M/L) ratio

central bulge. On the other hand, Sc galaxies have smaller anq (.:Iwa.rfs and LSB is usually higher than that r.10rmal spirals,
less massive bulge indicating that they are more dark matter dominant than nor-

Difference, though not so significant, appears in the outer_mal spirals (Carignan 1985; Jobin and Carignan 1990; Carignan
most rotation curve: Earlier galaxies show flat or slowly declin-and Freeman 1985; Carignan and Puche 1990a,b; Carignan and
ing rotation in the outermost region, while later type galaxiesBeaUIieu 1989; Puche et al. 1990, 1991a, b; Lake et al. 1990;
show monotonically increasing rotation. Broeils 1992; Blais-Ouellette et al. 2001; Carignan et al. 2006;

Kormendy and Freeman 2016).

7.2 Barred galaxies

Kinematics of barred galaxies is complicated due to the non7.4 Interacting and irregular galaxies
circular streaming motion superposed on the circular motion
(e.g., Bosma 1981a,b). Considering that a half or more of obRotation curves for irregular and interacting galaxies are not
served galaxies exhibit bars, it is not easy to discuss particulastraightforward. Some irregular galaxies exhibit quite normal
differences of rotation curves between bar and non-bar galax-otation curves, whereas some reveal apparently peculiar rota-
ies. Rotation curves for SBb and SBc galaxies shown by dashetions. Hence, it is difficult to deduce a general law property to
lines in figure 15 are not particularly distinguishable from nor- describe the curves, but individual cases may be studied in case
mal galaxies. by case. We may raise some examples below.

Another effect of bars on rotation curves would be statisti-

cal underestimation of rotation velocity: Since interstellar gas Th? Larjqe Magellanic _C'OUO' Is the CIOSESI_ dwarf galaxy in-
is streaming along the bar (Hunter and Gottesman 1996: pytieracting with the companion Small Magellanic Clouds and the

et al. 1999; Kuno et al. 2000), observed velocities are close t(g)arent Milky Way. Despite of the strong gravitational interac-

. . : 1o
rigid-body motion of the bar potential, and hence slower thant'®"™ the rotation curve is nearly flat at100 km s (Kim et

circular velocity. Considering the larger probability of side-on al. 1998)'_ The dynamical center |.nferred from the kinemati-
viewing of a bar than end-on probability, simply derived rota- cal center is displaced from the optical center of the bar center,

tion velocity from the radial velocities is statistically underesti- suggesting a massive component that s not center'ed bya ste.llar
mated bulge. The dark bulge suggests an anomalously high M/L ratio

For barred galaxies, more sophisticated modeling of non" the dynamical center (Sofue 1999).

circular motions is inevitable based on 2D velocity measure- Tpe peculiar galaxy M51 (NGC 5194) interacting with the
ments, such as the DISKFIT method proposed by Spekkengompanion NGC 5195 exhibits an anomalous rotation curve,
and Sellwood (2007) or the numerical method based\en  \hich declines more rapidly than Keplerian in the outer disk
body simulations (Randriamampandry et al. 2015). In fact in¢igyure 20). Even counter rotation is observed in the outermost
the decade, an extensive 2D spectroscopy has been obtaingg ring (Rots et al. 1990; Appleton et al. 1986). Kinematics
for a large number of barred spiral galaxies by Fabry-Perog \51 has been observed at various wavelengths, which all
Haobservations (e.g., Dicaire et al. 2008), which will further jngjcates the rotation anomaly. This apparent rotation anomaly
open a new era of non-axisymmetric galactic dynamics, overig explained by the warping of galactic disk, assuming that the
coming the difficulties as raised in table 3. galaxy has intrinsically normal flat rotation curve (Oikawa and
Sofue 2014). Figure 20 shows a calculated warping of the disk
for a given normal rotation curve, where the disk is nearly flat

. _and then bends at= 7.5 kpc steeply.
Within the decades, a large number of low surface bright-

ness (LSB) galaxies have been found (Schombert and Bothun The peculiar galaxy M82 is a companion to the giant spi-
1988; Schombert et al. 1992). Dwarf and LSB galaxies showal M81. It shows an exceptionally peculiar rotation property.
slow rotation, monotonically rising until their galaxy edges (de It has a normal steep rise and high rotation near the center,
Blok et al. 1996, 2001; de Blok 2005; Swaters et al. 2000,but it exhibits a significantly declining rotation, obeying the
2009; Carignan and Freeman 1985; Blais-Quellette et al. 2001Keplerian law beyond the peak. This can be well explained and
Noordermeer et al. 2007; figure 15). Blue compact galaxiesnodeled by tidal truncation of the outer disk and dark halo by
also show that rotation curves rise monotonically to the edgeshe close encounter with the massive parent galaxy M81.

7.3 Dwarf and low surface brightness (LSB) galaxies
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of spiral galaxies, and showed a clear correlation with khe
band infrared luminosity. Instead of the total dynamical mass,
the maximum rotation velocity at a few galactic-disk scale radii

100 1 was shown to be related to the luminosity, as observed as one-
zﬁrcr’]t/s) o Sk half the velocity width of an integrated 21 cm HI line velocity
= profile. The relation is called the Tully-Fisher relation (Tully
3 and Fihser 1977; Aaronson and Mould 1986; Mathewson et al.
1992, 1996; Masters et al. 2008, 2014), and is one of the ma-
300 s ‘ ‘ s ‘ jor tools to derive intrinsic luminosities of distant galaxies for

‘ R (kpc) ‘ ‘ measurement of the Hubble constant.
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9 High Redshift Rotation Curves

Rotation and dynamics of high-redshift galaxies at cosmolog-
ical distances are one of the major subjects in the new era of
sensitive observations in the 21st century. Rotation curves of
‘ ‘ ‘ ‘ ‘ sub=z (z < 1) galaxies had been observed already in the decades
300200 -10 0 10 20 30 (Simard and Prichet 1998; Kelson et al. 2000; Vogt et al. 1993,
1996, 1997). However, the modern era of higher redshift rota-
tion curves was opened in this century.
T e ot e o b e a._(2003) used Keck I, I telescopes and VST 1o
pared with averaged rotation curve of spiral galaxies. [Bottom] Warped disk obtain near-infrared slit spectra for 16 star forming gaIaXieS at
calculated for rotation curve assuming a universal rotation. The line-of-sight z =210 3. Referring to archival HST images, they obtained ro-

is toward top. (Oikawa and Sofue 2014) tation curves for six galaxies. Although the angular resolution
~ 0".5, corresponding te- 5 kpc, was not sufficient to resolve
7.5 Activity and rotation curves the details, the rotation velocities of 100 to 200 km have

Active galaxies like starburst galaxies, Seyferts, LINERs, and’&€n observed, and the mean dynamical mass of the galaxies

those with nuclear jets appear to show no particularly peculialVere Shown to be greater than 10" M.

rotation. Even such an active galaxy like NGC 5128 (Cen A) Genzel etal.(2008, 2011) obtained 2[a Melocity fields for
shows a rotation curve similar to a normal galaxy (van Gorkomstar forming galaxies at = 2 — 3, obtaining rotation curves
etal. 1990). The edge on galaxy NGC 3079 has strong nuclez#0ong the major axis for several objects. There is an increasing
activity and is associated bipolar lobes in radio continuum andlumber observations of galaxieszat- 1 — 3 in near-infrared
ionized and high-temperature gases. However, its rotation propsSPectroscopy using the Hubble Space Telescope and large aper-
erties are quite normal with very high central velocities (Sofueture telescopes (Epinat et al. 2012; Law et al. 2009; Robertson
and Irwin 1992; Irwin and Sofue 1992). and Bullock 2008; van der Wel and van der Marel 2008; Shapiro

While these galaxies show a steep central rise of rotatiorft al- 2008).
curve, it is not peculiar, but generally observed in normal mas- The rotation curve for BzK 6004 at = 2.387 (Genzel et
sive galaxies without any pronounced activity. Thus, the globalal. 2011) shows already similar rotation property to those in
rotation and mass distribution of galaxies having activity arethe nearby galaxies. Distant galaxies so far observed at red-
considered to be normal. This means that the nuclear activity ishifts = < 3 appear to show no particular difference in rotation
not directly produced by the fundamental dynamical structurecurve shapes and velocities from those of nearby galaxies. This
but is caused by more temporal dynamics and/or ISM phenommay imply that the dynamical structure of spiral galaxies at the
ena in the central deep gravitational potential, such as a suddgriesent time were already reached at these redshifts. Higher
inflow triggered by intermittent feeding of circum nuclear gas resolution rotation curves at higher redshifts would be crucial to
and stars. investigate dynamical evolution of disk galaxies and their merg-
ing processes.

However, the inner rotation curves of high-redshift galax-
ies are still not precise enough to be compared with those of
nearby galaxies. This is mainly due to the beam-smearing ef-
Rubin et al. (1985) used their synthetic rotation curves to defect caused by the limited angular resolution of the instruments.
rive dynamical masses interior to the Holmberg radiRss] This effect usually results in milder rise and slower velocity of

8 Statistical Properties of Rotation Curves:
Tully-Fisher Relation
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rotation in the inner and nuclear regions of the galaxies, as well
as in higher velocity dispersion, than the true values. It may be
remembered that the angular resolution0dfl” achieved by

the current optical/infrared/sub-mm instruments corresponds to
linear resolution of only- 200 pc atz > 2 or at distances greater
than several billion pc.

(=} o o
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4 MASS DISTRIBUTION IN  DISK
GALAXIES

SMD (Msun / sq. pc)

A
T

There are two major methods to measure the mass distribu-
tion using rotation curves, which are the direct method and the
decomposition method. In the direct method, the rotation ve- ‘ L

. . . . . . 0 5 10 15 20
locity is used to directly calculate the mass distribution. In the R (kpc)
decomposition method, a galaxy is represented by superposi-
tion of several mass components, and the rotation curve is fitted o ) o )
b hi f he b fitti fth Fig. 21. SMD distribution in the Milky Way. Thick line shows the directly

y searching ior the best-fitting parameters of the ComponentSCalculated SMD for thin disk case, and thin line shows result for spherical
case. The long dashed smooth lines are model profile for de Vaucouleurs
and exponential disk. The lower lines show SMD of interstellar gas made

1 Direct Mass Determination by annulus-averaging of figure 7 (Nakanishi and Sofue 2003, 2006, 2016).
i . o . . i HI and Hy gas SMDs are also shown separately by dotted lines. (Bottom)
By this direct method the mass distribution in a galaxy is cal-same, but for spiral galaxies.

culated directly from the rotation curve. No functional form is

necessal_ry to.be given a priori. O.nIy an assumption hz_:ls to b_e[‘2 Flat-disk case

made, either if the galaxy’s shape is a sphere or a flat disk. The

'true’ mass profile is considered to lie between the two extremel he SMD of a flat thin diskEp (R), is calculated by solving the

cases of the spherical and axisymmetric disk distribution. Poisson’s equation on the assumption that the mass is as sym-
metrically distributed in a disk of negligible thickness (Freeman

1970; Binney and Tremaine 1987). Itis given by

o
>
T

1.1 Spherical case
. . o L hI) (R) = ! X

On the assumption of spherical distribution, the mass inside ra- m2G
dius R is given by . R v N ) . BN de
M(r) = FVR? @ay |R / (d)K (7)de / (d)K (3)5 |

G 0 R
Then the surface-mass density (SMDY(R) at Ris calculated  Here, K is the complete elliptic integral, which becomes very
by large whenz ~ R.

oo A central black hole may influence the region withinl,
Ys(R) = Z/p(r)dz. (35) but it does not affect much the galactic scale SMD at lower res-

olution. Since it happens that there exist only a few data points

Remembering in the innermost region, the reliability is lower than the outer
1AM region. Since the rotation curves are nearly flat or declining

p(r) = (36) outward beyond maximum, the SMD values are usually slightly

T 4mr2 dr i ) i
. . overestimated in the outer disk.
the above expression can be rewritten as

0

oo

1 1 dM (r)

o ) wroRE dr

R Figure 21 shows SMD distributions in the Galaxy calculated by
This gives good approximation for spheroidal component in thethe direct methods for the sphere and flat-disk cases, compared
central region, but results in underestimated mass in the outexith SMD calculated for the components obtained by decon-
regions. Particularly, the approximation fails in the outermostvolution of the rotation curve. There is remarkable similarity
region near the end of rotation curve due to the edging effect obetween the results by direct methods, and by RC deconvolu-
integration. tion.

Ys(R) = dr. (37) 1.3 Milky Way'’s direct mass calculation
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Fig. 22. Directly calculated SMD of the Milky Way by spherical (black thick The calculated SMD profiles for galaxies are similar to that
line) and flat-disk assumptions by log-log plot, compared with the result by

deconvolution method (dashed lines). The straight line represents the black ofthe Mllky Way. Namely' dynamlcal structures represented by
hole with mass 3.6 x 10° M. the density profiles in spiral galaxies are similar to each other,
exhibiting universal characteristics as shown in the figures: high
central concentration, exponential disk, and outskirt due to the

The SMD is strongly concentrated toward the center, reach
dark halo.

ing SMD as high as- 10° M, pc? within ~ 10 pc. The galactic

disk appears as an exponential disk as indicated by the straight-

line at Rk ~ 3 to 8 kpc on the semi-logarithmic plot. Itis worth ; ¢ Mass-to-luminosity ratio

to note that the dynamical SMD is dominated by dark matter,

because the SMD is the projection of extended dark halo. Notel he farthest rotation velocity so far measured for a spiral galaxy

however, that the volume density in the solar vicinity is domi- is that for the Milky Way and M31 up te- 300 kpc, where the

nated by disk’s stellar mass. The outer disk is followed by ankinematics of satellite galaxies was used to estimate the circular

outskirt with a slowly declining SMD profile, which indicates Velocities (Sofue 2012, 2013b). The obtained rotation curve

the dark halo and extends to the end of the rotation curve meavas shown to be fitted by the NFW density profile.

surement. Note, however, that the NFW model predicts declining ro-
In figure 21, we also show the radial distribution of interstel- tation only beyond galacto-centric distances farther thad0

lar gas density, as calculated by azimuthally averaging the gakpc. Inside this radius, there is not much difference in the RC

density distribution in figure 7. The gas density is much smallershapes of NFW model and isothermal model, predicting almost

than the dynamical mass density by an order of magnitude. Théat (NFW) or perfectly flat (isothermal) rotation. Practically

SMD of ISM is~ 5.0Mspc2 R ~ 8 kpc, sharing only several for most galaxies with rotation curves upo30 kpc, both the

percents of disk mass density87.5Mgpc 2. models yield about the same result about their halos. In either
The SMDs obtained by deconvolution and direct methodgmodels, observed rotation velocities in spiral galaxies show that

are consistent with each other within a factorof.5. At R~8  the mass in their halos is dominated by dark matter.

kpc, the directly calculated SMD is 300M, pc~2, whereas it The mass-to-luminosity (M/L) ratio can be obtained by
is ~ 200 — 250M¢ pc~? by deconvolution, as shown in figure dividing SMD by surface luminosity profiles (Forbes 1992;
22. Takamiya and Sofue 2000; Vogt et al. 2004a). Figure 24 shows

MI/L ratios for various spiral galaxies normalized at their scale
radii (Takamiya and Sofue 2000). While the M/L ratio is highly
variable inside their disk radii, it increases monotonically to-
Figure 23 shows SMD distributions of spiral galaxies calculatedward galaxies’ edges. However, the outermost halos farther than
for the rotation curves shown in figure 14 using the direct meth~ 20 — 30 kpc, beyond the plotted radii in the figure, the M/L
ods. Results for flat-disk assumption give stable profiles in theatio is extremely difficult to determine from observations be-
entire galaxy, while the sphere assumption yields often unstableause of the limited finite radii of the luminous disks, beyond
mass profile due to the edge effect in the outermost regions. Owhich the surface brightness is negligibly low, and hence the
the other hand, the central regions are better represented by tiW/L ratio tends to increase to infinity.

1.4 Spiral galaxies’ direct mass
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Fig. 23. (a) Direct SMD in spiral galaxies with end radii of RC greater than 15 kpc calculated under flat disk assumption, and the same in logarithmic radius
(Sofue 2016). Red dashed lines indicates the Milky Way. (b) Same but under sphere assumption.

rotation curve and its decomposition into four mass components
(figure 25).

The parameters (masses and scale radii of individual com-
ponents) are iteratively determined by the leagt fitting
The rotation velocity is written by the gravitational potential as (Carignan 1985: Carignan and Freeman 1985). First, an ap-

od proximate set of the parameters are given as an initial condition,
VIR) =\ gg (39) where the values of the parameters are hinted by luminosity pro-
files of the bulge and disk, and by the shape and amplitude of
the rotation curve for the dark halo. All the parameters are fitted
© =2 (40) simultaneously.

When precise rotation curves are available with a larger
number of data points, particularly in the resolved innermost
—— regions of the Milky Way and nearby galaxies, the fitting may
VIR)=v/2VE (41) be divided into several steps according to the components in or-
It is often assumed that there are multiple components that arder to save the computation time (Sofue 2012). The time per

the central black hole, a bulge, disk and a dark halo: one iteration is proportional ta N, wheren is the number of
data points andv is the number of combination of parameters.

— 2 2 2 2 42
VIR) \/VBH(R) +VB(R)* + Va(R)* + Va(R) (42) The combination number is given By = (3;n;)!, wheren; is
Here, the suffices BH, b, d, and h represent black hole, bulgethe number of parameters of thi¢h component. On the other
disk and dark halo, respectively. Figure 25 shows a schematiband, it is largely reduced t&y = 3;(n;!) in the step-by-step

2 Rotation Curve Decomposition into Mass
Components

2.1 Superposition of mass components

where

with &, being the potential of the-th mass component.
Knowing thatV;(R) = R9®;/0R, we have
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method. 300

Also, it is useful to divide the fitting radii depending on the 250 k%\
component’s properties. Namely, a black hole and bulge may R
not be fitted to data beyond the disk, e.g., beydhd 10 kpc, £ 150 )
while a halo may not be fitted at~ 1 kpc. This procedure wo <
can save not only the time, but also the degeneracy problem 50 e
(Bershady et al. 2010a,b). Degeneracy happens for data with s TR ——
low resolution and small number of measurements, often in old @ Rkpe

data, in such a way that a rotation curve is represented equally
by any of the mass models, or, the data is fitted either by a single
huge bulge or disk, or by a single tiny halo.

In the step-by-step method, a set of the parameters are as-
sumed, first, as the initial condition as above. The fitting is
started individually from the innermost component having the

Log Rho Msun c.kpc

steepest rise (gradient), which is particularly necessary when a (b) 5 w0 B W s
black hole is included. Next, the steeply rising part by the bulge 13
is fitted, and then gradual rise and flat parts are fitted by the disk. 1255

Finally, the residual outskirt is fitted by a dark halo. This pro-
cedure is repeated iteratively, starting again from the innermost
part, until thex? value is minimized.

Observed rotation curves in spiral galaxies may be usually
fitted by three components of the bulge, disk and dark halo. In
the Milky Way, the rotation curve may better be represented (c) ' Log R kpe
by four or five components which are the central black hOIe’Fig. 25. (a) Analytic rotation curve composed of bulge, disk and dark halo

multiple bulges, an exponential disk, and dark halo. components represented by isothermal, Burkert (1995) and NFW models
(full lines from top to bottom at R = 30 kpc). Dashed lines represent de
Vaucouleurs bulge and exponential disk.

2.2 Massive black hole (b) Corresponding volume densities.
(c) Corresponding enclosed mass within radius r.

The Galactic Center of the Milky Way is known to nest a mas-
sive black hole of mass difgy = 2.6 — 4.4 x 10°M, (Genzel
etal. 1994, 1997, 2000, 201@),L — 4.3 x 10° Mo, (Ghez etal. By (R) is the surface-brightness normalized by the value at ra-
1998, 2005, 2008), arl95 x 10° M, (Gillessen et al. 2009). dius Ry, Bue.

A more massive black hole has been observed in the nucleus The same de Vaucouleurs profile for the surface mass den-
of the spiral galaxy NGC 4258 with the mass30$ x 107 M,
(Nakai et al. 1993; Miyoshi et al. 1995; Herrnstein et al. 1999) R
from VLBI observations of the water maser lines. Some activey;,,(R) = A\, By, (R) = Speexp [—;-; ((R) - 1)} (44)
galaxies have been revealed of rapidly rotating nuclear torus b
of sub parsec scales indicating massive black holes in sever#fith Xve = 2142.0%. for £ = yIn10 = 7.6695. Here, Ay, is the
nearby active galactic nuclei, and increasing number of eviM/L ratio assumed to be constant.
dences for massive black holes in galactic nuclei have been re- Equations (43) and (44) show that the central SMXat 0
ported. Statistics shows that the mass (luminosity) of bulge j@ttains a finite value, and the SMD decreases steeply outward
positively related to the mass of central black hole (Kormendyn€ar the center. However, the decreasing rate gets much milder

and Westpfahl 1989; Kormendy and Ho 2013). at large radii, and the SMD decreases slowly, forming an ex-
tended outskirt ( de Vaucouleurs 1958).

The cylindrical mass insid® is calculated

Log Mass Msun

10.5

where~ = 3.3308. Here,3 = By,(R)/Byre, @« = R/Ry, and

sity is usually adopted for the surface mass density as

2.3 de Vaucouleurs bhulge

R
The most commonly used profile to represent the central bulgéwbjcyl(R) - 2”/0 3 (w)dz. (45)
is the de Vaucouleurs (1958) law (figure 26), which was origi- Tota] mass of the bulge given by
nally expressed by a surface-brightness distribution at projected oo
radiusR by My, = 27r/ RS, (R)dR =R} e (46)
0

log3 = —(a/* = 1), (43)  with n=22.665. A half of the total projected (cylindrical) mass
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Fig. 26. Comparison of normalized rotation curves for the exponential
spheroid, de Vaucouleurs spheroid, and other typical models, for a fixed
total mass. The exponential spheroid model is almost identical to that for
Plummer law model. The central rise of de Vaucouleurs curve is propor-

tional to oc /2, while the other models show central velocity rise as o< r.

is equal to that inside a cylinder of radii,.

The volume mass density(r) at radiusr for a spherical
bulge is now given by

p(r):l/ M¥dm (47)

s dxr 432 — 7’2

The de Vaucouleurs rotation curve shows a much broader
maximum in logarithmic plot compared to the other models,
because the circular velocity risessx /M (< r)/r ~ \/T.

The particular behavior can be better recognized by comparing
the half-maximum logarithmic velocity width with other mod-
els, where the width is defined by
Ajog =log =2 (50)

1
Here,r; andry (r2 > r1) are the radii at which the rotational ve-
locity becomes half of the maximum velocity. From the figure,
we obtainA,, = 3.0 for de Vaucouleurs , whil&\,,, = 1.5 for
the other models as described later. Thus the de Vaucouleurs
's logarithmic curve width is twice the others, and the curve’s
shape is much milder.

2.4 Other bulge models

Since it was shown that the de Vaucouleurs law fails to fit the
observed central rotation, another model has been proposed,
called the exponential sphere model. In this model, the vol-
ume mass density is represented by an exponential function

The circular velocity is thus given by the Kepler velocity of the of radiusr with a scale radius as
mass insideR as

[G (R) p(r)=pee™"". (51)
Mb:s h R
Vb(R) = pf ’ (48) The mass involved within radiusis given by
where M(R) = MoF (x), (52)
R
M:spn(R) = 47?/ r?p(r)dr. (49)  wherez =r/a and
0
Note that the spherical mast,..,n(R) is smaller than the F(z)=1—e “(1+z+z°/2). (53)
cylindrical massMy,..y1(R) given by equation (45). At large L
yin S ! ). g v eq (45) 19€  Ihe total mass is given by
radii, the velocity approximately decreases by Keplerian-law.
Figure 26) shows the variation of circular velocity for a de , _ 4arr? pdr = 8ma® pe. (54)
Vaucouleurs bulge. 0
The de Vaucouleurs law has been extensively applied to fifThe circular rotation velocity is then calculated by
spheroidal components of late type galaxies (Noordermeer et al.
. e GM() T
2007, 2008). Brsic (1968) has modified the law to a more gen-V'(r) = \/GM/r = | ——=F (g) (55)

eral forme~(%/7<)"  The de Vaucouleurs an@&ic laws were , ) i
. . . . . . In this model the rotational velocity has narrower peak near the
fully discussed in relation to its dynamical relation to the galac- o o N T
characteristic radius in logarithmic plot as shown in figure 26.

tic structure based on the more general profile (Ciotti 1991;N te that th tial-sph del i v identical t
Trujillo et al. 2002). The de Vaucouleurs law has been also ap- ote that the exponential-sphere modet IS nearly identical to

. . . . that for the Plummer’s law, and the rotation curves have almost
plied to fit the central rotation curve of the Milky Way as shown | ) ) .
L . identical profiles. In this context, the Plummer law can be used
in figure 4. However, it was found that the de Vaucouleurs Iawt it th tral bul s in bl tth t mod
cannot reproduce the observations insid200 pc. OI It the cenfral bulge components In place of the present mod-

It is interesting to see the detailed behavior of the de®s

Vaucouleurs law. At the centek, reaches a constant, and
volume density varies ax 1/r, leading to circular velocity 2.5 Exponential disk

\% 1/2 near the center. Thus, the rotation velocity rises ver . . . . .
xr y yThe galactic disk is represented by an exponential disk

steeply Wlth |nf|n.|te gra_d|ent at t_he center.. It should be Corn_(Freeman 1970), where the surface mass density is expressed
pared with the mildly rising velocity a8 « r in the other mod-

els. Figure 26 compares normalized behaviors of rotation ve-

locity for de Vaucouleurs and other models. Ya(R) = Xgcexp(—R/Ra). (56)
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Here,X . is the central valueR, is the scale radius. The total 1991), where the density is written as
mass of the exponential disk is given By = 274 R3. o2
The rotation curve for a thin exponential disk is expressed b)PiSO(R) 1y (R/R)?’ (60)

(Binney and Tremaine 1987). wherepis, andh = Ry, are the central mass density and scale

P radius, respectively. The circular velocity is given by
h R
Vi(R) = Vi 1—(—)t ,1(7>’ 61
= \/4nG¥o Ray?[Io (y) Ko(y) — L (y) K1 (y)], WE) \/ R)™ & (1)
wherey = R/(2Rq4, andl; andK; are the modified Bessel func- which approaches a constant rotation velodity at large dis-
tions. tances. At small radiuskR < h, the density becomes nearly

If the surface mass density does not obey the exponentiaﬂonStam equal tp?., and the enclosed mass increases steeply
law, the gravitational forcef (R) can be calculated by integrat- S M (1) R®. At large radii, the density decreases with
ing thez directional force caused by mass elem8fitz)dzdy piso & R72. The enclosed mass increases almost linearly with
in the Cartesian coordinat¢s, y): radius asV/ (R) oc R.

f(R) :G/ / wdm% (58)  2.6.3 Navarro-Frenk-White (NFW) model
e Tee ° The most popular model for the dark halo is the NFW model
wheres = /(R — z)? 4 y2. The rotation velocity is then given (Navarro, Frenk and White 1996, 1997) empirically obtained
by from numerical simulations in the cold-dark matter scenario of
Va(R) = \/ﬁ (59) galaxy formation. Burkert’s (1995) modified moc.iel is also used
when the singularity at the nucleus is to be avoided. The NFW
This formula can be used for any thin disk with an arbitrary density profile is written as

SMD distributionX(z, y), even if it includes non-axisymmetric e
. pnEw (R) = NEW . (62)
structures ( ) (R/h)/[l ¥ (R/h)Q}

The circular velocity is equal to

2.6 Isothermal and NFW dark halos
Va(R) = | GMu(R) (63)
2.6.1 Evidence for dark matter halo w(R) = R ’

The existence of dark halos in spiral galaxies has been firmly EVivhere M, is the enclosed mass within the scale radius
idenced from the well established difference betweenthe galaxy At R « h, the NFW density profile behaves asrw o
mass predicted by the luminosity and the mass predicted by the/ r; yielding an infinitely increasing density toward the center,
rotation velocities (Rub|n et al. 1982a, b, 1985, 1991, 1997,and the enclosed mass behavemg%) o RQ_ The Burkert's

1999); Bosma 1981a, b; Kent 1986; Persic and Salucci 199Gnodified profile tends to constant density,,, similar to the
1995; Salucci and Frenk 1989; Forbes 1992; Persic et al. 19965othermal profile.

Héraudeau and Simien 1997; Takamiya and Sofue 2002). At large radius the NFW shows density profile as
In the Milky Way, extensive analyses of motions of non-disk pnFw, Bur < R73, yielding logarithmic increasing of mass,

objects such as globular clusters and dwarf galaxies inthe Local;(R) « In R (Fig. 25 ). Figure 25 shows density distributions

Group have shown flat rotation up 0100 kpc, and then de-  for the isothermal, NFW and Burkert models.

clining rotation up to~ 300 kpc (Sofue 2013b, 2015). The

outer rotation velocities have made it to analyze the extended

distribution of massive dark halo, which is found to fill the 2-7 Plummer and Miyamoto-Nagai potential

significantly wide space in the Local Group. Bhattacharjee etThe current mass models described above do not necessarily

al.(2013, 2014) have analyzed non-disk tracer objects to deriveatisfy the Poisson’s equation, and hence, they are not self con-

the outer rotation curve up to 200 kpc in order to constrain thesistent for representing a dynamically relaxed self-gravitating

dark matter mass of the Galaxy, reaching a consistent result. Asystem. In order to avoid this inconvenience, Plummer-type po-

will be shown later, the dark halos of the Milky Way and M31 tentials are often employed to represent the mass distribution.

are shown to be better represented by the NFW model than by The Miyamoto and Nagai's (MN) (1975) potential is one of

isothermal halo model. the most convenient Plummer-type formulae to describe a disk
galaxy’s potential and mass distribution in an analytic form:
2.6.2 Isothermal halo n
—GM;

The simplest model for the flat rotation curve is the semi-<1>=Z (64)

isothermal spherical distribution (Kent 1986; Begeman et al.  i=1 \/RQ-F (ai + /2% +b7)?
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where,M;, a; andb; are the mass, scale radius and height of the3 Rotation Curve Decomposition in the
i-th spheroidal component. The rotation velocity in the galactic  Milky Way

lane at: = 0 is given b . . .
P g y Observed mass components in the Galaxy and spiral galaxies

are often expressed by empirical functions derived by surface
Vie(R) = R Z ! GM; a—— (65) photometry of the well established bulge and dlsk.l Also, central

P [R? + (a: + bi)?] black hole and outermost dark halo are the unavoidable compo-
nents to describe resolved galactic structures.

The mass distribution is given by the Poisson’s equation:

n 3.1 Black hole, bulge, disk and halo of the Milky Wa:
p(RVz):ff%:%Zb?Mi 9 y Way
4 it In the rotation curve decomposition in the Milky Way, the fol-

lowing components have been assumed (Sofue 2013b):

aiR% + (a; +37/22 + b2)(a; + /22 + b2)? (1) The central black hole with madggn = 4 x 10° Mo,
x [R2+ (@i + /22 + B2)2]5/2(2 4+ b2)3/2 : (66) (2) An innermost spheroidal component with exponential-

sphere density profile, or a central massive core,

This model was used to approximate the observed rotatiof3) A spheroidal bulge with an exponential-sphere density pro-
curve of the Milky Way (Miyamoto and Nagai 1975). Their file, and
proposed parameters are often used to represent a bulge and d{4i An exponential flat disk.
for numerical simulations not only in the original form, but also (5) A dark halo with NFW profile.
by adding a larger number of components by choosing properlyAn initially given approximate parameters were adjusted to lead

the masses and scale radii. The original parameters were givdfl the best-fitting values using the least method. Figure 4
t0 be Miuige ~ 2.05 % 10" Mo, apuige =0, bouige ~0.495 kpe, ~ Shows the fitted rotation curve, which satisfactorily represents
and Myiex ~ 2.547 x 10" Mo, agisk ~ 7.258 pe, bask ~ 0.520  the entire rotation curve from the central black hole to the outer
kpc. dark halo. Figures 27 and 28 show the variationcéfvalues
around the best-fit parameters.
The fitting of the two peaks of rotation curve at- 0.01
2.8 Degeneracy problem kpc and~ 0.5 kpc are well reproduced by the two exponential
The models described here are expressed by single-valued Si{ﬁgreroids. The figure also demonstrates that the exponential
ge model is better than the de Vaucouleurs model. It must

ple analytic functions. Each of the functions has only two pa- . .
. . be mentioned that the well known de Vaucouleurs profile can-
rameters (mass and size). The black hole is expressed by the . , S .
not fit the Milky Way's bulge, while it is still a good function

Keplerian la ith only one parameter (mass). The mass an . . . .
plen Wl y P ( ) ?or fitting the bulges in extragalactic systems. Table 6 lists the

scale radius of the de Vaucouleurs law are uniquely deter-. . .
. . . __fitting parameters for the Milky Way.
mined, if there are two measurements of velocities at two dif-

ferent radii, and so for the exponential disk and NFW halo.
If the errors are sufficiently small, the three major compo-3.2 The Galactic Center

nents (bulge, disk and halo) can be uniquely determined by obrigre 29 shows the enclosed mass in the Galactic Center as

serving six velocity values at six different radii. In actual ob- 4 f,nction of radius calculated for the parameters obtained by

servations, the number of data points are much larger, whilgoiation curve decomposition. The plots are compared with the
the data include measurement errors. Hence, the parameters & asured values at various radii, as compiled by Genzel et al.
determined by statistically by applying the least-squares fitting(1994), where their data have been normalizegtge= 8.0 kpc.
method or the least” method. Thereby, the most likely sets of |t shoyid be stressed that both the plots are in good agreement
the parameters are chosen as the decomposition result. with each other. The figure shows that the bulge density near the
However, when the errors are large and the number of obeenter tends to constant, so that the innermost enclosed mass be-
served points are small, degeneracy problem becomes seriohgves asx > as the straight part of the plot indicates. On the
(Bershady et al. 2010a,b), where the fitting is not unique. Suclother hand, the disk has a constant surface density near the cen-
a peculiar case sometimes happens, when the rotation curve tier, and hence the enclosed mass varies a$, as the straight
mildly rising and tends to flat end, that the curves fitted in al-line for the disk indicates. The NFW model predicts a high
most the same statistical significance either by a disk and halajensity cusp near the center with enclosed surface mass
by a single disk, or by a single halo. Such mild rise of centralas shown by the dashed line, exhibiting similar behavior to the
rotation is usually observed in low-resolution measurements. disk.
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Fig. 27. x? plots around the best-fit values of the scale radii of the deconvo-
lution components to obtain figure 4,

Contour Log Chi (arb. scale)

Log Mass (0.3 to 3 best fit value)

Log Scale R
(0.3 to 3 best fit value)

Fig. 28. Contour presentation of two dimensional distribution of log x 2 value
around the best-fit points in the scale radius-mass space to obtain figure 4.

Table 6. Parameters for the mass components of the Galaxy
(Sofue 2013b) *

Mass component Quantities

Black hole My, = 3.6 x 10M )

Bulge 1 (massive core) a, = 3.5+0.4 pc
M, =0.440.1 x 103 M

Bulge 2 (main bulg€) ay, =120+ 3 pc
My, =0.9240.02 x 10*° Mg

Disk aq =4.9+0.4 kpc
My =0.940.1 x 10" Mg
Dark halo h=1040.5kpc

po=2.940.3x 1072 Mgpc>
MR <200kpe = 0.740.1 x 10" M,
Mp<3sskpe = 0.940.2 x 102 M,

DM density at Sun ps =0.011+0.001Mepc—3
=0.4040.04GeV cm 3

T The adopted galactic constants &R, Vo) =(8 kpc, 238 km
s~ 1) (Honma et al 2012).

 Genzel et al. (2000 - 2010)

* My, is the surface mass enclosed in a cylinder of radius
but not a spherical mass.

Log M (Msun)

Log R (kpc)

Fig. 29. Enclosed mass calculated for the Galaxy's rotation curve compared
to those by Genzel et al. (1994). The horizontal line, thin lines, and dashed
line indicate the black hole, inner bulge, main bulge, disk, and dark matter
cusp.
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Table 7. Local dark matter density ps near the Sun in the Galaxy

300

from the literature.
Author ps (GeV cm3)
Weber and de Boer (2010) 0.2-04
Salucci et al. (2010) 0.43+0.10 (kvm/s)
Bovy and Tremaine (2012) 0.3+£0.1
Piffl et al. (2014) 0.58
Sofue (2013b)}, =200 km s™* 0.244+0.03
—, Vo =238 kms! 0.40 £0.04

Pato et al (2015a,b)p =230 kms™'  0.424+ 0.25

3.3 Local dynamical values and dark matter density

Chi Square / N
2

The local value of the volume density of the disk can be calcu- 10* E
lated byps = Xa/(220), wherez is the vertical scale height at 1%0(;1 - ; i d
radiusR = Ry, when the disk scale profile is approximated by ' " Scale Radius (kpo)

pa(Ro, z) = pao(Ro)sech(z/z0). The disk thickness has been
observed to bey = 144 4+ 10 pc for late type stars using the
HYPPARCOSS catalogue (Kong and Zhu 2008), while a larger
value of 247 pc is often quoted as a traditional value (Kent et al.

Chi Square /N
2
T

1991).

The local volume density by the bulge and dark hale-is 101? 3
10~* and~ 10~ 2 times the disk density, respectively. However, Lt
the SMD projected on the Galactic plane of the bulge con- Mass (Msun)

tributes to 1.6% of the disk value. It is interesting to note that _. ) N o
ki Fig. 30. Rotation curve and x“ fitting result for NGC 891 (top), distribution
the SMD of the dark halo exceeds the SMD of the disk by SEeV+¢ x2 /N around the best fit scale radii (middle) and masses (bottom) of the
eral times. three components.
The NFW model was found to fit the grand rotation curve

quite well (Sofue 2012), including the declining part in the out- nentjal and NFW density profiles for the bulge, disk and dark
ermost rotation af? ~ 40 — 400 kpc. The local dark matter halo, respectively. The best-fitting values were obtained by ap-
density is a key quantity in laboratory experiments for direct de'plying the leasty> method forMy, an, Ma, aa, po andh.
tection of the dark matter. Using the best fit parameters for therne critical dark halo radiusisoo, critical massMaoo, as well

NFW mOdel, the local dark matter density in the Solar neighbor‘as the mass{Mh, enclosed within the scale radiiswere also
hood is calculated to bﬂg =0.235+0.030 GeV Cm_3. This Ca|cu|ated, which are defined by

value may be compared with the values obtained by the other .
authors as listed in table 7. Mago = QOOPC?RSO(M (67)

and

4 Decomposition of Galaxies’ Rotation pe = 3HZ /87C, (68)
Curves
with Hy =72 km s Mpc™! being the Hubble constant.

Figure 30 shows examples of rotation curves and fitting re-
sult for NGC 891. The figure also shows the variatiomdf
The mass decomposition has been also applied extensively {@lues plotted against the parameters. Applying a selection cri-
spiral galaxies with relatively accurate rotation curves. It is aterion, the fitting was obtained for 43 galaxies among the com-

powerful tool to study the relations among the scale radii andpjiled samples in figure 14, and the mean values of the results
masses of the bulge and disk with those of the dark halo, whickyre shown in table 8.

provides important information about the structure formation in

the universe (Reyes et al. 2012; Miller et al. 2014; Behroozi et ) .
al. 2013). 4.2 Size and mass fundamental relations

4.1 Bulge, disk and NFW halo decomposition of
spiral galaxies

Decomposition has been applied to galaxies as compiled ilCorrelations among the deconvolved parameters are useful to
figure 14 (Sofue 2016) by adopting the de Vaucouleurs , expoinvestigate the fundamental relations of dynamical properties of
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Table 8. Mean parameters for selected galaxies (Sofue 2016).

Bulge size ap 1.5+0.2 kpc

— mass My, 2.3+0.4 10*° Mg
Disk size aq 3.3+0.3 kpc

— mass My 5.74+1.1 10" My
DH scale size h 21.6£3.9 kpc
—mass withinh M, 22.3+7.3 101° M
—critical radius Raoo 193.710.8 kpc
—critical mass Mano 127.6+32.0 10° Mg
Bulge+Disk Myia 7.9+1.2 10" Mg
Bulge+Disk+Halo Mrotart 135.6+32.0 10'° My
B+D / Halo ratio Myta/Maoo 0.062 4+0.018

B+D / Total ratio Myta/Mrotar  0.059+0.016

Mb, Md, Mh, M200 (Msun)
5

T Mrotal = M2004b+d

10°h I 4

100
10°E E

70 80 901 60 200 300 400 500
R200 (kpc)

Fig. 32. Size-Mass relations for (R200, My,) (triangles); (Rz200, Maq) (rect-
angles); (R200, M) (black dots); (R200, M200) (grey small dots) showing
the trivial relation by definition of the critical mass.

o

Ab, Ad, h (kpc)

R |

10‘2;HH T T T T T .
76780 907100 200 300 400 500 spirals
R200 (kpc) t P o = L
to" E m‘{;«" E
: - H
Fig. 31. Size-Size relations for dark halo critical radius for (R200, av) (tri- g}om; mﬂ w i
122} E
angles); (R200,aa) (open circles); and (R200, k) (black dots) (Sofue 2016). 2 %
20 :
= f dwarfs AAAA?‘AAA / L]
the mass components (e.g., Vogt et al. 2004a,b; Kormendy and i Lat
Freeman 2016). Figure 31 shows the size-size relations, where ”’eg’ eas e’ 3
are plotted the scale radiiy,, aq, and h, against the critical oL
. . . 107k s |
radius Rz for the compiled nearby galaxies (Sofue 2016). It 3
. . . .. T B S T S R TTT B AR TTTY] S AR R |
is shown that the bulge, disk and halo scale radii are positively 10° 10 10" 107 0@ 10"

. . . M200+b+d (M
correlated withR20o. Note that the tight correlation between *ord (Msun)

h and Rzqo includes the trivial internal relation due to the defi-

nition of the two parameters connected;b)ythrough equation Fig. 33. My4-Maoo+b+a relation compared with the stellar mass-total
(67) mass relation for dwarf galaxies (triangle: Miller et al. 2014) and simula-

tion + photometry (grey dashed line: Behroozi et al. 2013). Black dots are
Figure 32 shows the size-mass relations, where are plottefle selected galaxies with reasonable fitting results, while small grey dots

the component masses/y,, Ma, Mn and Mago, against the (including black dots) show non-weighted results from automatic decompo-
critical dark halo radiusRz00. The masses are positively cor- Ston of allrotation curves.

related wit the halo size. Note the trivial correlation shown the

definition of the relation betweeR2o0 and Mzqp.
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Figure 33 shows the bulge+disk mas$, .4, plotted against  central black hole to the dark halo.
total mass Ma00+b+a = Maoo + Mu+4. In the figure we also
plot photometric luminous mass and Virial mass obtained forOI

dlerf gallax.les Iby. Mll:;ar et z::l. (2914). IAlsO Compf]‘red_ 1S T 95" The direct method does not employ any galactic models or func-
mological simulation by Behroozi et al. (2013). The simulation tional forms, but straightly compute the mass distribution. On

IS n ggreement In ts sha}pe with the p!ots.for splral and (.jwarfthe other hand, the decomposition method yields fundamental
galaxies. The shape of simulated relation is consistent with th

4 cal ob ) hile the absol | ‘Ef)arameters representing the bulge, disk and dark halo individ-
present dynamical observations, while the absolute values 0ually. The decomposition method is thus convenient to dis-

M q are greater than the simulated values by a factor of three(‘:uss the fundamental structures composed of bulge, disk and

Solving the discrepancy may refine the cosmological mOdel‘C(’jark halo. The fitted dynamical parameters were also useful for

and will be a subject for the future. statistical correlation analyses such as the size-mass and mass-

The'obltametlzlf corrglatlo?sh betwlcleen the} s;]ze elmd .mas's arg trFr‘?ass relations, which provides with fundamental information
dynamical manifestation of the well established um|n05|ty-5|zef0r formation and evolution scenarios of galaxies in the uni-

relation by optical and infrared photometry (de Jong and LaceX/erse
2000; Graham and Worley 2008; Simard et al. 2011). Itis '
interesting to notice that a similar size-mass relation is found
for dark halos. . .
: : , . 2 Achievements in the Decades and the
The size-mass correlations can be fitted by straight lines on
. - ! Future

the log-log planes using the least-squares fitting. Measuring the

mass and scale radii i, and kpc, respectively, we have size- |y our previous review (Sofue and Rubin 2001) various ad-
mass relations for the disk and dark halo as

Major methods to derive the dynamical mass distribution in
isk galaxies were described, and some results were presented.

vances have been expected for the future rotation curve studies

log;oMa = (9.89 & 0.23) + (1.38 & 0.41) log; g, (69)  thanks principally to instrumental developments. We summa-

rize and evaluate the progress in the decades.
log,oMp = (9.26 +0.52) + (1.45 + 0.43) log, o h. (70)

However, the relation for the bulge is too diverged to be fitted
by aline. 2.1 Extinction-free rotation kinematics in the central

The size-mass relation for the disk agrees with the regions

luminosity-size relation obtained by Simard et al. (2011). ItTh' has b hieved extensivel ina CO li ¢
is found that the relations for the disk and dark halo can be rep- IS_ as ) eenac Ie_ve ex er]5|ve y using ) Ine spec .roscopy
. . and imaging, and will be achieved in an ultimate way using the
resented by a single (common) relation ; )
ALMA (Atacama Large mm and submm Array) with higher

log,oM; = (10.18 +0.24) 4- (1.38 = 0.21)log ya:, (71)  spatial (0.01 arcsec) resolution. Spectroscoy with eight- and
whereM; = My, Of Maoo in 102 Me andas = aq of h in kpc. ten-meter class optical/infrared telescopes using infrared spec-

This simple equation leads to a relation between the bulge+disf<ral lines such as By was gnt|0|pated, while the progres_s seems
mass to halo mass ratio, which approximately represents thgOt fast, and no outstanding advances have been achieved.

baryonic fraction, expressed by the ratio of the scale radii of

disk to halo as
2.2 VLBI astrometry

Myta/Maoo =~ (aq/h)" . (72)

The VERA (VLBI Experiments for Radio Astrometry) obser-
vations have successfully achieved high-resolution astrometric
measurements of paralactic distances, positions, proper mo-
tions, and radial velocities for a number of maser sources in
the Milky Way. The observations resulted in a series of spe-
cial volume in PASJ (Honma et al. 2015, and the literature
therein). Many new aspects have been learnt in details of the
We reviewed the methods to observe and determine rotatiothree-dimensional kinematics of the Galaxy, which include the
curves of the Milky Way and spiral galaxies. Rotation charac-new values of Ro,V;), non-circular motions related to the den-
teristics of spiral galaxies and mass distributions were shown tgity waves and bars. The SKA (Square-Kilometer Array) will
be similar among the various types of galaxies. The dynamicabe a future, probably more powerful tool for trigonometric de-
structures are, thus, universal from Sa to Sc galaxies. The Milkgermination of the Galactic rotation curve and dynamics even
Way exhibits representative universal characteristics from thdy simply extending the method employed with VERA.

For the mean values ef aq >= 3.3 kpc and< h >=21.6 kpc,
we obtainMi,q/Mago ~ 0.07.

5 CONCLUDING REMARKS

1 Summary
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2.3 High-redshift rotation curves criminate the halo models. Measurements to larger radii, up to
Thanks to the increase of aperture and sensitivity of the tele” 100 kpe, fora more number of galaxies are crucial for conclu-

scopes, particularly using the Hubble Space Telescope argjve comparison with the cosmological scenarios of structural

ground-based 8-10 meter telescopes, galaxies at cosmologicféﬂrmatlon' o )
Dark matter density in the solar neighborhood has been de-

distances are becoming routine targets for rotation curve obser-

. . -3
vations. Tens of galaxies at high redshifts have their rotationtermInGd in the range around0.2 —0.4GeV cm™". The phys-

velocities measured. The data are still not sensitive enough t'&al property of the dark matter in view of elementary particle

be compared with those for the nearby galaxies. The globaPhyS.'Cs wguld be C|arI.fI8(.j when dlrgct detection in the labora-
rotation curve shapes seem to be similar already-at3 — 5. tory is achieved. Also indirect detection toward the Sun and the

Combined with cosmological simulations of structural forma- Galactic Center are proposed and partly performed. Although,

tion and evolution, this would become one of the most populal’at the moment, there appec’.;\rs r?o report of flrm detectlor.n th's
fields in rotation curve study. would be the fundamental field in the experimental physics in

. . . the near future.
However, the inner rotation curves representing the bulge

and central massive objects are still not resolved at high red-
shifts. As mentioned already, an angular resolutiord’af1 2.6 Massive black holes
corresponds only t_® 200 pe atz >~ 2 Higher resolution in- Coevolution of the spheroidal component and central supermas-
struments are de_swed fo.r more detailed study.of the b“'ge angive black hole is a standard scenario in the structural evolution
blgck hole forrr_1anon, which are one of the major events in theof galaxies based on the observational facts that black hole mass
primeval galaxies. is positively correlated with the spheroidal mass in measured
galaxies. This topic was, however, not reviewed in this paper,

2.4 Method of analysis mainly because of insufficient sample galaxies with both the

] o ] ] black hole mass and detailed rotation curves around the nuclei.
Rotation curves presented in this review have been basically deS'uch study would be a promising subject for high-resolution

rived by the popu_lar methods like PV tracing a_nd “'te?' "9 submillimeter spectroscopy using ALMA and infrared spec-
methods. The PV iteration method was also applied, while only, . . .
troscopy with large-aperture telescopes including TMT.

in a few cases.
Development of sophisticated iteration methods of 2D and

3D velocity fields to produce more accurate rotation curves hag.7 Activities

been anticipated. However, not much advance was obtained ifyany of the galaxies with well defined rotation curves as dis-

the decades. These will lead to more tightly constrained masgyssed in this review are known as galaxies possessing various

deconvolution, and precise distributions of the stellar and darkyctivities such as starburst, outflow, jets, and/or active galac-

matter masses. tic nuclei (AGN). However, there has been no clear correlation
analysis among these activities and the galactic mass distribu-

25 Dark halos tiqn. It could. be a sgbject for <":1 m.o.re detailed comparison study
with careful inspection of the individual curves and mass struc-

Dark halos are one of the major topics in the field not only of tyres, categorizing the curves into those with and without ac-

galaxy dynamics and kinematics but also of the structure formagjyities. It may be related to central bars by which the gas is

tion and evolution in the expanding universe. As to the Milky gccumulated to the nuclei, and hence the correlation of rotation
Way and M31, it has been shown that their rotation curves, an@yrves of bar and non-barred galaxies.

hence the dark matter halos, seem to be merged at a half dis-

tance to each other. Both galaxies showed declining rotation at

radii larger thanR ~ 50 kpc. Their outermost rotation curves 2-8 Star formation

are not flat anymore and is not well fitted by the current pseudoCorrelation analysis of general star forming activity in the disk

isothermal models, but they seem to be better approximated byith the rotation curves and mass structure would be a funda-

the NFW model. However, it may be mentioned that the isothermental subject related to ISM physics in galaxies. A relation is

mal model is simple and is enough to represent dark halos up tenown that low surface brightness galaxies are generally slowly

~30—50 kpc, beyond which it s still difficult to obtain rotation  rotating and less massive. On the other hand, high velocity ro-

curves in usual galaxies. tators, usually of late types as Sa and SO, show that their major
Thus, the measurements of the dynamical mass of dark halagtar formation activity was over in the far past. In Sb and Sc

in most galaxies are limited to their outermost radii of measuredyalaxies, the star formation rate is not necessarily controlled by

rotation curves only te- 20 — 30 kpc, where it is difficult to dis- ~ the mass structure, but rather related to spiral arms and/or bars,
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or to environmental effect such as interaction with other galax-  252:210
ies. Binney J, Tremaine S. 1987, in Galactic Dynamics . Princeton Univ. Press

The relation between mass structure and star forming activBlais-Ouellette, S., Amram, P,, Carignan, C. 2001 AJ 121, 1952
ity is, therefore, not well studied from observations of galaxiesBIaijg’O“ellf;te' S., Amram, P., Carignan, C., and Swaters, R. 2004, A&A,
at the present epoch (redshztft:_o). This is readl_ly shown by Blitz, L. ’1979_ Ap. J. 2271152
the observed constant M/L ratio among galaxies, where M/LBIitz, L.. Fich, M., Stark, AA 1982, ApJs, 49, 183
ratios do not represent star forming activity. Direct relation be-gpyjey, v. V. 2013, Astronomy Letters, 39, 95
tween the mass structure and star formation would be studiedobylev, V. V., & Bajkova, A. T. 2015, Astronomy Letters, 41, 473
by rotation curve analysis of high-redshift galaxies during theirBosma A. 1981a. AJ 86:1825
major star formation. Bosma A. 1981b. AJ 86:1791

Boucte, N., Carfantan, H., Schroetter, |., Michel-Dansac, L., & Contini,
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