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Empirical Laws of Galactic Rotation

e Flat rotation curves (Rubin-Bosma Law)

Rotation curves tend asymptotically towards a constant rotation
velocity that persists to indefinitely large radii: V(R — o) = V;

TF/

BTFR The baryonic mass of galaxies scales as the
fourth power of the flat rotation velocity: M, = Avjjl

° Tully—FiSheI' relation (Luminous, Stellar Mass, and Baryonic TF relations)

e Central density relation (lower surface brightness galaxies exhibit larger mass discrepancies)

diversity The central dynamical surface densities of galaxies is
related to their central surface brightnesses: Ydyn (R —0) = fI2.(R — 0)]

e Renzo’s rule (Sancisi’s Law)

“For any feature in the luminosity profile there is a corresponding
feature in the rotation curve and vice versa.” (Sancisi 2004).

RAR e Radial acceleration relation

The observed centripetal acceleration is related to that
predicted by the observed distribution of baryons: Zobs = F (Zbar)
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Optical data
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Rotation curves tend to
become flat at large radii

V' o const
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Optical data from

Rubin, Thonnard, & Ford 1978, ApJ, 225, L1077



Radio data
van Albada et al. (1985)
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Radio data from

Radio data Bosma 1981, AJ, 86, 1825 :
) - Rotation curves stay flat
g to the largest radi1 probed
/‘.
|f
] Historically, 21cm data were an
- important independent validation
=200 N T/ o that flat rotation curves persisted
AJ | | / | to much larger radi1 than could be
| 1 explained by the observed
T % B & Gl & s & & luminous mass.
~ 100 / = il | See IAU Symposium 100 pp. 87-88
| % = u " (Kalnajs on mass models)



Gravitational Lensing data

flatness extends...
even to Mpc scales!?

Mistele et al. 2024, ApJ, 969, .3
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https://iopscience.iop.org/article/10.3847/2041-8213/ad54b0

Tully-Fisher: Rotation curve amplitude
correlates with observed mass:

S | UGC 2885
QMR ) h
' m
(Vg
< - T
0 NGC 7331 - -
- ' 9
NGC 2998 - g
—~ S - £
T QV; )
5 - s
S NGC 3198 - ”
=0 :
-° NGC 6503 -
S - %3
= F583—1 -
1 O
DE31—7 - 2.
e : =
; | )
D564—8: =
O
- : ' ' | : ' : | ' |
0 02 04 06 08 1
R/R Flat rotation curves continue to occur in quite small

max systems (e.g., Leo P with Vi~ 15 km/s)



line-width

Tully & Fisher (1977)

Great for distance scale work.
But why does it happen!?
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Fig. 1. Absolute magnitude — global profile width relation for nearby
galaxies with previously well-determined distances. Crosses are M31
and M81, dots are M33 and NGC 2403, filled triangles are smaller

systems in the M81 group and open triangles are smaller systems
in the M 101 group

others from ST I and ST III]; (4) photographic magni-
tudes (Holmberg, 1958); (5) magnitude corrections due
to galactic extinction according to the precepts in ST |

[based on Sandage (1973), except that the source for

M31 and M33 is McClure and Racine (1969), and for

| NGC 2403 1s Tammann and Sandage (1968)]; (6) magni-

tude corrections due to galactic absorption as a function

of inclination according to the precepts used by Sandage
and Tammann (1974d, hereafter ST IV)
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Observables

® Luminosity (must calibrate with known D)
® Band pass (BVRUHK) [slope varies with band]
® Mass - stars, gas, stars+gas

® Rotation Velocity

® |ine-widths; rotation curves
® W20, VWV50; Viiat, V2.2, Vmax
® inclination corrections 1/ sin(q)

® turbulence/non-circular motions



Luminosity measures

® Band pass

® slope becomes steeper from bluer to redder
bands (B | H)

® internal extinction is a concern, especially for
blue bands and highly inclined galaxies

® Mass

® Can convert luminosity to stellar mass by
estimating the stellar M/L via population
modeling.

® |MF biggest systematic uncertainty



What we measure Uncertainties Rotation curve data from

* Luminosity e Distance Boomsma et al (2008) [HI]

e Stellar Mass e Stellar M+/L Daigle et al (2006) [Ha]

e Gas: HI, H» e Hl flux, X-factor Blais-Ouellette et al (2004) [Ha]
e Rotation speed

* line-width e velocity dispersion Mass model built from

* rotation curve * inclination 2MASS K-band data (SSM)

* asymmetric drift
Vmax
VMo S Via
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THINGS data
(Walter et al 2008)

Different velocity measurements
correlate but are not identical. TF
relations fit using linewidths will
differ from those fit using
resolved rotation curves.
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line-width

Luminosity and line-width are
presumably proxies for stellar mass

and rotation velocity.
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Stellar Mass
M, (M)
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Stellar Mass
M, (M)
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double M*/L

..but stellar mass is completely
dependent on choice of mass-to-light
ratio (and degenerate with distance)



Stellar Mass
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Stellar Mass
M, (M)

1012

1Oll

1010

10°

Stellar Mass Tully-Fisher relation

[ [ Bothun et al. (1985)

[ D Sakaietal. (2001)

W, (km S
line-width

half M*/L

..but stellar mass is completely
dependent on choice of mass-to-light
ratio (and degenerate with distance)



N Baryonic TF
ﬁg _ |
Adding gas to stellar mass restores a
single continuous relation for all -
rotators. -
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Baryonic mass is the important Oog
physical quantity. It doesn't matter
whether the mass is in stars or in ~
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o Baryonic TF
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o Baryonic TF
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Tully-Fisher relations 2019

amplitude of flat rotation correlates with mass
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Tully-Fisher relations

amplitude of flat rotation correlates with mass

The fundamental relation
1s between
baryonic mass
and the amplitude of the
flat rotation speed

_ _ 4
M, = M, +Mg = AVf
A=50£3Mg(kms™ )™

there is remarkably little
intrinsic scatter

oy < 0.11 dex

which is about what is
expected for scatter in stellar
population M*/L
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.. NGC 2403
UGC 128

Same (M,V) but very different size and surface density

Size/surface brightness variations from TF
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Baryonic I F Relation

® Fundamentally a relation between the baryonic
mass of a galaxy and its rotation velocity

® M, = M« + My = 47V¢# (McGaugh 2012)
® doesn’t matter if it is stars or gas
® Intrinsic scatter negligibly small

® Can mostly be accounted for by the expected
variation in stellar M*/L

® Physical basis of the relation remains unclear

Relation has real physical units if slope has integer value -
Slope appears to be 4 if Vflat is used.



Rotation curve amplitude depends on the mass of stars and gas (BTFR)

Rotation curve shape depends on the distribution of stars and gas
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33&;&2?0; h]figl}igiﬁuginz?t)?%%?lrﬁgioéxk: 512{ galaxy. At everv radial distance » in the constant-

in less than 19, of the optical radius (x < 0.01). The
plot of log x versus log Vyax (Fig. 3) emphasizes that « ,
1s a reliable estimator of V. and, hence, of absolute
magnitude. Ignoring resolution effects for the most
distant galaxies, this diagram is distance independent.
Furthermore, a comparison of Figures 1 and 2 shows
that the (log x, M5) relation is similar in form and
scatter to the (log Viaex, Mp) relation, i.e., the conven-
tional TF relation. The choice of 100km s as a v
fiducial mark in measuring & is not particularly critical

known for a long time

0.01p~

Rotation curve
shapes correlate

to the success of the (log x, M) relation, although it =
should be located beyond local nuclear effects so as to . .
relate to the overall)rotation curve. It should not be Wlth galaXy pI‘Op@I’ tl@S
affected by nonaxisymmetric barlike motions and local
velocity perturbations often observed at small nuclear
distances. o y
From our published rotation curves, it is clear that . R
an adopted measure could be chosen from a fairly wide v
range of velocities up to and including, of course, the . e
vclocity peak_ Any one of such measures would serve Fl(?. 3.—The COI'I'Cl'atIOBlOE log x, the radlug where the rot.ational
as a luminosity discriminant. Thus the relationships ﬁ;:?ty e%ﬁ%;goi:?hi m;gn“:f’tfh‘c’ftgler’:ol‘_gg?;sr:gé“;’as"z
exhibited in Figures 1 and 2 are representative of a slope ‘equal to 6.3 + 0.5. NGC 2608, the only strongly barred
family of dynamical-luminosity relationships. The fam- galgxy in the sample, was excluded from the solution.

ily of such measures will be explored in detail in a future

o Rubin et al. 1980, ApJ, 242, 1.149
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LINEAR RADIUS . .
This 1s small in bright

ABSOLUTE BLUE MAGNITUDE Mg
|

galaxies, which have
~J [ . .
20 - zzVr steeply rising rotation
E§ r curves, and large in dim
-18 ~ > . .
2 galaxies, which have slowly
1 1
-~ 18 X T 91 VER,/OR  R,/R 1 rising rotation curves.
K RATIO OF RADIUS WHERE V =100%ms™ RADUS RELATIVE TO
TO GALAXY ISOPHOTAL RADIUS ISOPHOTAL RADIUS
 F16. 2.—~The correlation of Mp with log x, the radial distance F1G. 4.—Schematic rotation curves for two Sc galaxies on a
in _thc alaxy_ where the rotational vclocit{ equals 100 km s~%, in linear (upper) and relative (lower) radius scale. The higher-
units of the izsophotal radius. For lowest-luminesity Sc galaxies, luminesity galaxy is chosen to have its velocity in the flat portion
the rotational velocity reaches 100 km 57! only near the limits of +/(2) times that of the lower-luminosity galaxy. Then the nuclear
the optical image (x = 1), while for high-luminosity Sc’s, the velocity gradient, turnover radius, and radial extent are fixed
rotational velocity reaches 100 km s~! in less than 19 of the by the observations as shown (see text and Table 2).

optical radius (¢ < 0.01).
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known for a long time

Rotation curve
shapes correlate
with galaxy properties

Persic & Salucci 1991
“Universal Rotation Curve”

Depends on both the luminosity

and the scale length... turns out

that surface brightness is the key
quantity.



Rotation curve shape correlates with baryonic surface density
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