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• Flat rotation curves 

• Baryonic Tully-Fisher relation (BTFR) 

• Radial acceleration relation (RAR)

Empirical Laws of Galactic Rotation

McGaugh+ 2019 (IAU 353; 1909.02011)
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gobs = ℱ(gbar)

Mdyn = RV2/G

Note that

is not

though presumably they must be related.
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The Radial Acceleration Relation (RAR)

gobs =
gbar

1 − e− gbar /g†
centripetal acceleration

what you see
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A scaling relation observed in spiral galaxies

Lelli+ 2017, ApJ, 836, 152
McGaugh+ 2016, PRL, 117, 201101

gobs = ℱ(gbar)

g† = 1.2 × 10−10 m s−2

±0.02 (stat) ± 0.24 (sys)

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.201101


Surface density

 Starting with the observed terminal velocities (HI from McClure-Griffiths shown), one can
 Apply the RAR to find the corresponding distribution of stars.

Rotation curve

terminal velocities

baryons
RAR

McGaugh 2016, ApJ, 816, 42

Presumably the Empirical Laws hold for galaxies in the Local Group

 The resulting surface density profile has features corresponding to observed spiral arms

https://iopscience.iop.org/article/10.3847/0004-637X/816/1/42


Surface density Logarithmic density derivative

V2
c (R) = ⟨v2

ϕ⟩ − ⟨v2
R⟩(1 +

∂ ln Σ
∂ ln R

+
∂ ln⟨v2

R⟩
∂ ln R )Can improve on the exponential disk approximation in the Jeans equation:

exponential disk approximation

numerical derivative

McGaugh 2019, ApJ, 885, 87Using the numerical derivative in the Jeans equation resolves the tension between 
the Gaia rotation curve and that from terminal velocity observations of the ISM.

https://iopscience.iop.org/article/10.3847/1538-4357/ab479b


fit region predicted extrapolation

Eilers et al. (2019)

bulge/bar

Portail et al. (2017)

Milky Way Rotation Curve

McClure-Griffiths & Dickey (2007, 2016)
McGaugh (2018)

exponential disk approximation

numerical derivative

McGaugh 2019, ApJ, 885, 87

outer slope predicted in advance

Using the numerical derivative in the Jeans equation resolves the tension between 
the Gaia rotation curve and that from terminal velocity observations of the ISM.

M* = 6.16 × 1010 M⊙

Mg = 1.22 × 1010 M⊙

R0 = 8.122 kpc

Θ0 = 233.3 km s−1

Milky Way Parameters

M200 ≈ 1.39 × 1012 M⊙

ρDM(R0) ≈ 0.00676 M⊙ pc−3

https://iopscience.iop.org/article/10.3847/1538-4357/ab479b
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Outer (flat) rotation speed

Stellar mass 
Tully-Fisher relation

Baryonic mass 
Tully-Fisher relation

McGaugh+ 2019 (IAU 353; 1909.02011) McGaugh+ 2019 (IAU 353; 1909.02011)

Milky Way

You are here

σD;V < 20 %

σD;V > 20 %



Schombert+ 2020, AJ, 160, 71 

BTFR calibration
50 galaxies 
with well-resolved HI data cubes, 
Spitzer [3.6] luminosities, and 
accurate distances from

27 Cepheids

23 TRGB

No tension between Cepheid 
and TRGB calibrators

H0 = 75.1 ± 2.3 km s−1 Mpc−1

Mb = A V4
f

A = 48.5 M⊙ km−4 s4

Consistent with previous estimates 
.45 ≤ A ≤ 50

H0 < 70.5 excluded at 95% c.l.

https://iopscience.iop.org/article/10.3847/1538-3881/ab9d88


McGaugh+ 2021, AJ, 162, 202

Local Group galaxies follow BTFR defined by external galaxies

Line fr
om Schombert+

 2020

https://iopscience.iop.org/article/10.3847/1538-3881/ac2502


|MV | + 6.4 log(Dhost /kpc) ≶ 23
Bellazzini+ (1996); McGaugh & Wolf (2010)

Over/under for susceptibility to tidal effects

McGaugh+ 2021, AJ, 162, 202

Can we find an empirical factor  that relates the measured velocity dispersion of dwarf spheroidal to the outer rotation speed?βc

Rotationally supported Local Group galaxies

M31 satellites

MW satellites

unaffiliated

tidal disequilibrium?

Pressure supported Local Group galaxies

https://iopscience.iop.org/article/10.3847/1538-3881/ac2502


Vo = βc σ*

Vc(r1/2) = 3σ*

McGaugh+ 2021, AJ, 162, 202

Can we find an empirical factor  that relates the measured velocity dispersion of dwarf spheroidal to the outer rotation speed?βc

anisotropy range

https://iopscience.iop.org/article/10.3847/1538-3881/ac2502


Vo = βcσ*

βc = 3 for
M*

LV
= 2

McGaugh+ 2021, AJ, 162, 202

Can we find an empirical factor  that relates the measured velocity dispersion of dwarf spheroidal to the outer rotation speed?βc

M31 satellites

MW satellites

unaffiliated

https://iopscience.iop.org/article/10.3847/1538-3881/ac2502


Vo = βcσ*

log βc = 0.25 log ( M*

LV ) + 0.226

McGaugh+ 2021, AJ, 162, 202

Can we find an empirical factor  that relates the measured velocity dispersion of dwarf spheroidal to the outer rotation speed?βc

M31 satellites

MW satellites

unaffiliated

βc = 2 for
M*

LV
= 2

https://iopscience.iop.org/article/10.3847/1538-3881/ac2502


Milky Way
M31

MW+M31

Local Group Timing
van dar Marel+ (2012)
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McGaugh & van Dokkum 2021, RNAAS, 5, 23

McGaugh (2018)
Chemin+ (2009)

Bland-Hawthorn & Gerhard (2016)

Numerical Action Method
Shaya+ (2017)

Abundance Matching Relations
Behroozi+ (2013)
Moster+ (2013)
Kravtsov+ (2018)
Mowla+ (2019)

There is a mismatch 
between dynamical 
masses and those 
from abundance 
matching for bright 
spiral galaxies (L > L*). 

Abundance matching 
predicts a halo mass for 
the Milky Way of 

.M200 ≈ 4 × 1012 M⊙

The BTFR is straight (in log space). In contrast, abundance matching relations bend at L*

Mdyn = RV2/G

What about dynamical mass? 



Conclusions
• Local Group galaxies follow the same RAR, BTFR as other spiral galaxies


• Accounting for deviations from a pure exponential disk reconciles the 
stellar rotation curve from Gaia with ISM terminal velocities


• The equivalent TF circular velocity of dwarf spheroidals is 


• Dynamical masses deviate from abundance matching for bright spirals


• The total dynamical mass  does not relate trivially to the 
observed BTFR 

Vo ≈ 2σ*(r1/2)

Mdyn ∼ R V2

Mb ∼ V4

McGaugh+ 2021, AJ, 162, 202

https://iopscience.iop.org/article/10.3847/1538-3881/ac2502

