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Rotation Curves

• Efficient way of describing dynamics of 
galaxies

• In combination with baryons: information on 
presence and distribution of dark matter

• Useful for studies of SF threshold

• Baseline for non-circular motions studies

• Info on geometry (warps)



• Standard technique

• Rotation curve:  V = V(R)

• Derived from velocity field 
using tilted rings

• V(x,y) = Vsys + VC(R) sin(i) cos(θ)

• Velocity field V(x,y) derived 
from data cube I(x,y,v)

1D

3D

2D

Derivation steps



• Large NRAO VLA program 
 (2003-2006)

• ~500 hours: B, C and D arrays

• 34 galaxies: Sa - Irr, 3-10 Mpc

• Resolution ~ 6” (100-300 pc)

• Velocity Resolution ~ 5 km s-1

• Sensitivity ~ 5 x 1019 cm-2

• total: 1 Tbyte

• Targets overlap SINGS Spitzer Legacy Survey and 
GALEX  Nearby Galaxy Survey

• Data public later this year

HI (VLA)
Star Formation (Galex UV+Spitzer 24mu)

Old Stars (Spitzer 3.6mu)

THINGS: The HI Nearby
 Galaxy Survey



• Large NRAO VLA program 
 (2003-2006)

• ~500 hours: B, C and D arrays

• 34 galaxies: Sa - Irr, 3-10 Mpc

• Resolution ~ 6” (100-300 pc)

• Velocity Resolution ~ 5 km s-1

• Sensitivity ~ 5 x 1019 cm-2

• total: 1 Tbyte

• Targets overlap SINGS Spitzer Legacy Survey and 
GALEX  Nearby Galaxy Survey

• Data public later this year

HI (VLA)
Star Formation (Galex UV+Spitzer 24mu)

Old Stars (Spitzer 3.6mu)

THINGS: The HI Nearby
 Galaxy Survey





Spiral Galaxies in THINGS      The HI Nearby Galaxy Survey
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Dwarf Galaxies in THINGS -- The HI Nearby Galaxy Survey

M 81 dwarf A Holmberg I

Holmberg II IC 2574

Atomic Hydrogen (HI)

   (Very Large Array)

Old stars

   (Spitzer) 

Star Formation

   (Galex & Spitzer)

Dwarf Galaxies

of the M81 group

in THINGS

Image credits: 

VLA THINGS: Walter et al.

Spitzer SINGS: Kennicutt et al.

Galex NGS: Gil de Paz et al.

5 kpc 

15.000 light years

color coding:

scale:



Galaxy Dynamics in THINGS      The HI Nearby Galaxy Survey
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Data cubes

• HI data cube: 2 spatial 
axes, 1 velocity or 
frequency axis

• At one position signal 
can be present at 
multiple velocities

• Mission: for velocity 
field need to identify 
“typical” velocity

• Illustration: NGC 2841



NGC 2841 THINGS 
natural weighted  data cube





Fig. 3.— Left: Observed profile of the H i emission in NGC 2403 at position (α, δ)(2000.0) =
07h37m36.7s, 65◦36′46.3′′ (thick line). We adopt the notation given in Fig. 1. The five vertical lines in-
dicate the derived typical velocities using, from top to bottom, the Her (V = 186.9 kms−1), the Gau
(V = 183.2 km s−1), the Mom1 (V = 186.2 km s−1), the Bulk (V = 186.1 km s−1) and the T(peak) velocity
fields (V = 185.4 km s−1). The curve shows the Hermite fit. Right: Observed profile of the H i emission in
IC 2574 at position (α, δ)(2000.0) = 10h28m51.4s, 68◦28′13.0′′ (thick line). The five vertical lines indicate
the derived typical velocities using, from top to bottom, the Her (V = 64.2 km s−1), the Gau (V = 66.3.2
km s−1), the Mom1 (V = 68.1.2 kms−1), the Bulk (V = 80.8 km s−1) and the T(peak) velocity field
(V = 63.8 km s−1).

42

major axis position velocity diagram of NGC 2403



From 3D to 2D

• Not all profiles symmetrical

• Need to define a “typical” 
velocity

• Choice has impact on velocity 
field 

• Consider:

• first-moment

• single gaussian

• double gaussian

• peak velocity

• third-order hermite polynomial
Fig. 3.— Left: Observed profile of the H i emission in NGC 2403 at position (α, δ)(2000.0) =
07h37m36.7s, 65◦36′46.3′′ (thick line). We adopt the notation given in Fig. 1. The five vertical lines in-
dicate the derived typical velocities using, from top to bottom, the Her (V = 186.9 kms−1), the Gau
(V = 183.2 km s−1), the Mom1 (V = 186.2 km s−1), the Bulk (V = 186.1 km s−1) and the T(peak) velocity
fields (V = 185.4 km s−1). The curve shows the Hermite fit. Right: Observed profile of the H i emission in
IC 2574 at position (α, δ)(2000.0) = 10h28m51.4s, 68◦28′13.0′′ (thick line). The five vertical lines indicate
the derived typical velocities using, from top to bottom, the Her (V = 64.2 km s−1), the Gau (V = 66.3.2
km s−1), the Mom1 (V = 68.1.2 kms−1), the Bulk (V = 80.8 km s−1) and the T(peak) velocity field
(V = 63.8 km s−1).
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• Rotation curves using different 
velocity fields

• First moment and Gaussian 
underestimate velocity

• Hermite, Double Gaussian, Peak 
velocity agree

• Hermite most stable

Her

Gau

2Gau

Mom1

Peak

Her - Mom1

Her - Gau

Her

From 3D to 2D



• Hermite fits were used to derive high-resolution HI 
rotation curves of 19 THINGS galaxies

Fig. 57.— All THINGS rotation curves plotted in linear units in the left panel and in logarithmic units in
the right panel. The origin of the rotation curves has been shifted according to their absolute luminosity as
indicated on the horizontal axis. The bar in the respective panels indicates the radial scale.

THINGS Rotation Curves



Non-Circular Motions in THINGS 3

results from galaxies where the centers may not be as well-
defined.
Below follows a description of the methods used to deter-

mine the various center estimates. An application of these
methods is given for one typical “case-study” galaxy in Sec-
tion 5. Detailed and more technical descriptions are then
given for all galaxies in Appendix A.

3.1. Radio continuum

A nuclear point source in the radio continuum is usually as-
sociated with a central compact object, which naturally should
be at (or very close to) the bottom of the potential well of
the galaxy. For all galaxies which show such a source in the
THINGS radio continuum maps, its position was determined
by fitting a Gaussian to the central source. The uncertainties
for the center positions estimated in this way are all similar
(≤ 1′′) and we therefore do not show individual uncertainties
for center estimates deduced from the radio continuum.

3.2. Spitzer/IRAC 3.6µm image

We make use of the high-resolution 3.6µm images from
SINGS (Kennicutt et al. 2003)7. These allow an almost
dust-free view of the pre-dominantly old stellar populations,
though we note that the 3.6 µm band can also contain some
trace emission from hot dust, PAHs and AGB stars.
For those galaxies with a well-defined nuclear source in

the 3.6µm image, we derived the central position by fitting
a Gaussian to the central source. Because of the small and
homogenous and consistently small positional uncertainty of
less than 1′′, we do not list these here. For galaxies which
lack a clear nuclear source, we determined the central 3.6µm
position by fitting ellipses using the GIPSY8 task ELLFIT, tak-
ing care that the ellipse fits were not affected by small scale
structures.

3.3. Kinematic center

In addition to the photometric centers mentioned above, we
also derive kinematic centers using the GIPSY task ROTCUR.
This task fits a set of tilted rings of a given width to the ve-
locity field of a galaxy and determines their central positions,
rotation and systemic velocities, inclinations and position an-
gles. We use the best available center position (i.e., a central
continuum source, if present, otherwise a nuclear source in the
3.6µm image and as a last resort the center as derived using
ELLFIT) as an initial center estimate for ROTCUR and make
a fit with all parameters left free (including the center). By
averaging the central positions over a radial range unaffected
by spiral arms or other large-scale disturbances, we derive the
position of the kinematic center for each galaxy.
The determination of the positions of all centers are de-

scribed in Appendix A, and all center estimates are summa-
rized in Table 1.

4. HARMONIC DECOMPOSITION

We perform a harmonic decomposition of the velocity fields
by decomposing the velocities found along the tilted rings into
multiple terms of sine and cosine.

7 A small number of galaxies in our sample were not part of SINGS. For
these galaxies, the data were retrieved from the Spitzer archive.
8 GIPSY, the Groningen Image Processing SYstem (van der Hulst et al.

1992)

Following Schoenmakers (1999), we describe the line-of-
sight velocity, vlos, as:

vlos(r) = vsys(r)+

N
∑

m=1

cm(r) cos mψ + sm(r) sin mψ, (3)

whereN is the maximum fit order used, r is the radial distance
from the dynamical center, ψ is the azimuthal angle in the
plane of the disk, and vsys is the 0

th harmonic component, c0.
Initial tests showed that a decomposition of the velocity fields
up to third order (i.e., N = 3) is sufficient to capture most of
the non-circular signal, as is described in Section 6.4.1.
The usual description of the apparent velocity, under the

assumption of purely circular motion can be retrieved by only
including m = 0 and m = 1 terms in Eq. 3, i.e.,

vlos(r) = vsys(r)+ c1(r) cos ψ + s1(r) sin ψ, (4)

and by ignoring streaming (radial) motions (i.e., s1 = 0). The
circular rotation velocity corresponds therefore to c1. Note
that the dependence on inclination is included in the cm and
sm terms. For the following discussion it is worthwhile to
repeat a few rules of thumb which apply to harmonic decom-
positions as given in Schoenmakers et al. (1997) and Schoen-
makers (1999):
(1) A perturbation of the gravitational potential of order m

will cause m+1 and m!1 harmonics in the velocity field. (So
an m = 2 two-armed spiral component will cause m = 1 and
m = 3 harmonics in the velocity field.)
(2) Perturbations in the gravitational potential are indepen-

dent and can therefore be added. The same holds for velocity
perturbations.
(3) The elongation of the potential εpot in the plane of the

disk of the galaxy can be calculated at each radius as follows:

εpot sin 2ϕ2 = (s3 ! s1)
1+2q2+5q4

c1(1!q4)
, (5)

where q = cos i. The only remaining unknown quantity is ϕ2,
the unknown angle in the plane of the ring between the minor
axis of the elongated ring and the observer.
(4) Velocities induced by a global elongation of the poten-

tial will result in a constant offset in εpot sin 2ϕ2. Velocities
induced by spiral arms occur on much smaller scales, and
will therefore only lead to perturbations (“wiggles”) around
this offset.
(5) If the fitted inclination is close to the intrinsic inclination

of the disk, then c3 = 0. Small offsets of a few kms
!1 result in

only small (1-2 degree) inclination offsets.
We use the GIPSY task RESWRI. This task performs a

tilted-ring fit assuming circular rotation, creates a model ve-
locity field, subtracts this from the original velocity field, and
does a harmonic expansion of the residuals. RESWRI does
not down-weight velocities along the minor axis as is usually
done in standard rotation curve analysis. For the width of the
annuli, we chose half the beam width; neighbouring rings are
thus not independent.
We calculate the quadratically added amplitude (“power”)

for each order of the harmonic decomposition using

A1(r) =

√

s21(r), (6)

form = 1 (note that c1 corresponds to the circular velocity and
is not included in the calculation of the amplitude of A1(r)),
and

Am(r) =

√

c2m(r)+ s
2
m(r), (7)

c1 = circular velocity
rest = non-circular

azimuth

l.o
.s
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e
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c
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A good way to test for non-circular motions is deriving harmonic 
decompositions of velocity fields

Harmonic Decomposition
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FIG. 34.— Summary panel for DDO 154. Lines and symbols are described in the text, Appendix B. The IRAC contours show that there is no well-constrained
photometric center. See Appendix A.14 for a discussion of this galaxy.
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DDO 154 Harmonic Example



DDO 154 Harmonic Example



 ● barred   o unbarred

• Non-circular motions in THINGS 
sample decrease globally and 
locally with decreasing luminosity

• Are low luminosity galaxies also DM 
dominated throughout?

Non-circular motions

 ● barred   o unbarred
Median 

amplitude 
non-circular

motions

Median 
non-circ as
fraction of  

Vmax

Median non-
circ in inner 

1 kpc



• Rotation curves apply to entire mass distribution: 
dark+visible matter

• Need to disentangle dark from visible matter

• Derive rotation curves of visible matter based on 
observed mass distributions

• Subtract visible from total matter

Multi-wavelength mass models



Mtot              =       Mgas       +      Mdisk     +          Mhalo

V2
tot              =       V2

gas      +      V2
disk    +          V2

halo

= + + ?

1.4MHI Υ*

total 

gas stars halo 

Mass models: stars and gas



• Recent star formation affects optical M/L strongly

• In IR only small variation (factor 2); fairly independent of 
SFH/metallicity

• Spitzer 3.6 μm close to K, traces (mostly) old stars (SINGS)

• Not many pop-synth models available yet:

• Use J-K colour from  2MASS LGA with Bell & de Jong (2001) 
models and empirical K-3.6 μm relation

• These values still depend on the assumed IMF. Consider 
diet-Salpeter (maximum) and Kroupa (Milky Way)

• Or let the fitting programme do the work

• THINGS data has high enough spatial and velocity 
resolution to determine “stellar dynamical M/L”

Constraining stellar M/L in THINGS
Fi

xe
d

 M
/L

*
Fr

e
e

 M
/L

*



Mtot              =       Mgas       +      Mdisk     +          Mhalo

V2
tot              =       V2

gas      +      V2
disk    +          V2

halo

= + + ?

1.4MHI Υ*

total 

gas stars halo 

Mass models: stars and gas

free or fixed

NFW or ISO



For every galaxy produce 
models with Υ*  fixed for 
several IMFs as well as with 
Υ*  free

Fig. 42.— ISO and NFW rotation curve fits for NGC 3621. Lines and symbols as in Fig. 25.

81

Υ* = 0.56
χ2 = 0.62 

Υ* = 0.60
χ2 = 0.61 

Υ* = 0.47
χ2 = 0.52 

Υ* = 0.56
χ2 = 0.81

diet-Salpeter

diet-Salpeter

THINGS mass model: NGC 3621



Fig. 58.— The radial distribution of Mbaryons/Mdark in the THINGS galaxies for several assumptions on
Υ3.6

! . The top panel shows the distribution assuming the fixed, predicted Υ3.6
! values. The center and bottom

panels show the distributions assuming the best-fitting Υ3.6
! values determined by using the ISO and NFW

models. Light-gray full curves represent galaxies brighter than MB = −20.5. Dashed dark-gray curves show
galaxies with < −20.5 ≤ MB < −17.0. Black curves show galaxies fainter than MB = −17.0.

97

• Low luminosity galaxies are  
more dark matter dominated 

• This is valid globally and 
locally

• This trend persists when fitted  
Υ*  values are used

• Less well-defined for NFW
MB < -20.5
-20.5 < MB < -17
MB > -17

is that faint galaxies (late-type disk and dwarf
galaxies) are more dominated by dark matter than
luminous galaxies (early-type disk galaxies) (e.g.,
Roberts & Haynes 1994). The flat rotation curves
of spiral galaxies are additionally an indication
that dark matter should become more and more
dominant towards larger radii. We can explicitly
evaluate these relations by deriving the ratio of
the mass of the baryons and the mass of the dark
matter halo at each radius as

(

Mbaryons

Mdark

)2

=
V 2

gas + Υ!V 2
!

V 2
obs − V 2

gas − Υ!V 2
!

, (11)

where Mbaryons/Mdark is an indication for the de-
gree of dark matter dominance, Vobs is the ob-
served rotation curve, Vgas the rotation curve of
the gas component as described in Sect. 5.1, and√

Υ!V! is the rotation velocity of the stellar com-
ponent (taken to be the quadratic sum of multiple
stellar components if present).

Note that for some of the galaxies discussed in
Sect. 6, we derived multiple mass models with,
e.g., single or multiple stellar components. In the
rest of the paper, we will, as to not needlessly con-
fuse the discussion, restrict ourselves to one model
per galaxy. For NGC 2403 and NGC 3198 we
use the two-component model, for NGC 7793 the
model that uses the entire rotation curve, and for
NGC 7331 the model without the color gradient.
These particular choices do not affect any of our
conclusions.

The top panel of Fig. 58 shows the radial de-
pendence of Mbaryons/Mdark for our sample galax-
ies, assuming values for Υ3.6

! as predicted from
the photometry. There are a few things to note.
Firstly, the most luminous galaxies are in general
indeed the least dominated by dark matter. This
is not only true globally, but also locally: even at
the outermost radii, the baryons in the luminous
galaxies are more dominant than in the least lumi-
nous galaxies. Secondly, while the luminous galax-
ies show a clear gradient in Mbaryons/Mdark with
radius (with the outer radii becoming progres-
sively more dark-matter-dominated), this trend is
less pronounced in the faint galaxies. The lat-
ter indeed are dominated by dark matter at all
radii. These results are robust against any partic-
ular choice of dark matter model, but only depend
on the values of Υ3.6

! .

It is also interesting to explore the distribution

of Mbaryons/Mdark for the case of Υ3.6
! as a free

parameter (i.e. as determined by the dynamics,
rather than the photometry). In these cases the
results are not entirely independent of the halo
model assumed, as the choice of model plays a role
in determining Υ3.6

! during the fitting. The middle
and bottom panels of Fig. 58 show Mbaryons/Mdark

for the best-fitting ISO and NFW Υ3.6
! values, re-

spectively. The trends discussed above are still
present in the fixed Υ3.6

! ISO case, but they be-
come confused for the NFW model. The latter is
most likely a reflection of the NFW model being
an inappropriate fitting function for at least some
of the galaxies.

7.2. Relations with Υ3.6
!

An overview of the derived Υ3.6
! values is given

in Fig. 59. Here we plot the photometric (fixed)
and dynamical (free) values for Υ3.6

! against the
colors and luminosities of the galaxies. The left-
hand panels show the fixed and free Υ3.6

! values
for both the ISO and NFW model plotted against
(J − K) color. Also shown is the predicted rela-
tion between Υ3.6

! and color (Eqs. 4 and 5). By
definition, the photometric Υ3.6

! values follow this
relation. The small scatter is caused by the color
gradients present in these galaxies which make the
photometric Υ3.6

! differ slightly from those with a
constant Υ3.6

! as a function of radius.

In general, we see that the theoretical relation
seems to define an upper limit to the distribution
of the majority of the best fit values (apart from
a few obviously discrepant cases). Alternatively,
rather than an upper limit, it may also mean that
the theoretical relation overestimates the Υ! value
due to an inappropriate choice of stellar Initial
Mass Function, star formation history, or unex-
pectedly large contamination by PAHs, AGBs or
hot dust in the 3.6 µm maps. Future rigurous
population synthesis modeling should shed light
on some of these issues. The NFW Υ3.6

! values
tend to be lower than the ISO values, which is to
be expected due to the intrinsically steeper mass
distribution of the NFW halo. We compare the
distributions of the Υ3.6

! values in Fig. 60. The
ISO free Υ3.6

! distribution peaks at a somewhat
lower Υ3.6

! value, as already suggested by Fig. 59.
The distribution for the NFW model is less well-
defined, and has a larger number of galaxies at
very low Υ3.6

! values. These are the cases where

35

Baryons and dark matter in 
THINGS



Fig. 59.— Υ3.6
! plotted against color and luminosity. Results are shown as a function of colour (J−K) in the

lefthand column, as a function of absolute magnitude MB in the righthand column. Top row shows results
derived for the ISO halo; bottom row those for the NFW halo. Open squares indicate the results derived for
the free (dynamical) Υ3.6

! fits, the connected grey symbols show the fixed (photometric) Υ3.6
! values. The

upper symbols (open grey circles) indicate the results for a diet-Salpeter IMF, the lower symbols (filled grey
circles) those for a Kroupa IMF. In the lefthand panels the curves shows the theoretical color-Υ3.6

! relations
as derived from Eqs. (4) and (5). The upper curve assumes a diet-Salpeter IMF, the lower curve a Kroupa
IMF. In the top row the arrows indicate the high free Υ3.6

! value derived for DDO 154.
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Free and Fixed M/L*

• Free and fixed M/L* 
decrease with 
luminosity

• Free M/L* tends to be 
lower than diet-
Salpeter-IMF fixed M/L*

• Better agreement with 
Kroupa IMF

      diet-Salpeter fixed M/L*

      Kroupa fixed M/L*

Dynamical free M/L*



M/L* and IMF

• Free M/L* slightly lower than diet-
Salpeter M/L*

• Agree nicely with Kroupa M/L*

• IMF not relevant for low-
luminosity galaxies

• For M~ -19 NFW prefers Kroupa, 
ISO prefers diet-Salpeter

• For high-luminosity galaxies bulge 
dynamics becomes important

Open circles: NFW fits
Filled circles: ISO fits



• HI show us the cold neutral 
gas in galaxies

• Coldest (molecular) gas not 
visible

• Use CO (tracing H2) to 
detect this component

• Leroy et al: observe 19 
THINGS galaxies in CO(2-1)

• Use HERA array at IRAM 30m

• Beam 11” and velocity 
resolution 2.6 km/s (=THINGS)

Multi-λ data cubes

Combined HI and CO for 9 THINGS 
galaxies (courtesy A. Leroy)
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NGC 3521



• Compare HI and CO 
for NGC 3521

• Early-type Sab with 
prominent LINER 

• Morphology suggests 
possible past 
interaction?

• Strong CO component
Hogg et SDSS 2007

An (atypical) THINGS example
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NGC 3521 side-by-side

THINGS HI Natural-
weighted

THINGS HI Natural-
weighted

HERA CO(2-1)

cubes at identical spatial scale



Integrated emission



Integrated emission



• Derive velocity field of CO data using Hermite profile fits

• Note pointy CO contours - but identical resolutions

CO velocity field

White: CO velocities
Black: HI velocities
Colours: HI velocity field
Contour interval: 50 km/s



Major axis position velocity 
diagrams



Major axis position velocity 
diagrams



Major axis position velocity 
diagrams



Major axis position velocity 
diagrams



− =

Difference velocity field

CO HI

Red: positive difference
Blue: negative difference
Contours: -10 and +10 km/s
Maximum difference: ~60 km/s

0

40

-40



Difference velocity field

• CO and HI profiles in complete agreement in outer CO disk

• Large differences in “hot spots” 

• Gas flows feeding the star formation feeding the LINER?



• Creation of velocity fields involves 
choice

• First-moment insufficient

• Profile fitting (Hermite h3) better

• Ideally full data cube fitting

• Comparing multi-wavelength 
cubes through standard methods 
still cumbersome

• Prospects for 3D comparisons......?

Summary

1D

3D

2D


