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(One of only two) Second Generation Samurai: 
 
Generously gave time at Palomar (60") for my PhD 
thesis in the late 80’s/early 90’s.  Led to:  
 
Courteau, Faber, Dressler, and Willick (1993) 
        flow amplitude of 360 +/- 40 km/s within 85 Mpc 
consistent with LCDM (COBE ΔT/T fluctuations). 
 
Watkins & Feldman (2014):  262 +/- 60 km/s on a scale 
of 100 Mpc/h   

Alan’s contributions to cosmic flow studies overlooked 
at this conference 
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“Basic” Galaxy Scaling Relations 
with Dynamics 

•  Size (R), Velocity (V), Luminosity (L),                
Colour /  Stellar Mass

•  Velocity – Luminosity (VL) relation                       
(aka Tully-Fisher Relation, or TFR)

•  Size-Luminosity (RL)

•  Size-Velocity (RV)

•  Luminosity, Velocity/Mass Functions

    (predicted by ΛCDM) 

 
 
 
 



Use of (Disk) Scaling Relations 
•  Originally, TFRs used to determine galaxy 

distance for cosmic flow studies [Marseille ‘13]       
e.g. Tully-Fisher+77; Courteau+93; Strauss & Willick 1995;          
Giovanelli+97; Masters+06; Springob+09

•  TFRs assembled over broad range of types          
e.g. Courteau+03[bars]; Vogt+04[env.]; Courteau+07; Pizagno+07   

for testing galaxy formation models e.g. Dalcanton+97; 
MMW-99; Navarro & Steinmetz-00; Dutton+07; Gnedin+07

•  Connecting ET and LT galaxies with their haloes 
through dynamics / velocity function                    
e.g. Dutton+11; Trujillo-Gomez+11; Papastergis+11; Reyes+12

•  Evolution of Scaling Relations with time            
Ziegler+02; Barden04; Kassin+07; Trujillo+09; Dutton+11b; Miller+13



Global Disk Galaxy Scaling Relations 

Courteau+07; see also Reyes+11, Hall+12



Galaxy scaling relations 

dlogV/dlogR = -0.5 for self-gravitating disk  
                                          +0.5 for pure NFW DM halo model  

                   Estimate Baryons/DM fraction in galaxies! 

Calibrated Tully–Fisher relations 2379

Figure 27. Relation between stellar masses M⋆,Bell and disc scalelengths
Rd for 189 galaxies in the child disc sample (filled circles with 1σ error
bars). The best-fitting relation log Rd = a + b(log M⋆ − 10.17) is shown
by the solid line, and the dashed lines are displaced from the mean relation
by ±σ̃ , the best-fitting Gaussian intrinsic scatter equal to 0.14 dex. Best-
fitting parameters are listed in the upper left corner, together with their 1σ

uncertainties.

pure self-gravitating disc model, V2
rot ∝ Rd

−1 at fixed M⋆, so a strong
negative correlation is expected with ∂ log Vrot/∂ log Rd = −0.5.
On the other hand, a strong positive correlation is expected for a
pure Navarro, Frenk & White (1996, hereinafter NFW) DM halo
model, with an expected slope of +0.5 in the inner regions.24

We study correlations between velocity residuals from the M⋆

ITFR and disc size offsets from the mean size–mass relation,
#(log Rd) = log(Rd/R̄d(M⋆)). Fig. 27 shows the log M⋆–log Rd

relation for 189 galaxies in the child disc sample (filled circles) and
the best-fitting mean relation R̄d(M⋆) (solid line). Using a procedure
similar to that used to fit the TFRs (cf. Section 7.2), we find

log
!

R̄d

kpc

"
= (0.51 ± 0.010) + (0.20 ± 0.02)

×
#

log
!

M⋆

M⊙

"
− 10.17

$
, (35)

with a best-fitting Gaussian intrinsic scatter in log Rd of σ̃ = 0.14±
0.01 dex.

Fig. 28 shows the correlation between velocity residuals
#[log V80(M⋆)] and disc size offsets #(log Rd) for the 189 galaxies
in the child disc sample. Confirming the results of prior studies, we
find no evidence for a correlation: r = 0.05 and ρ = 0.04. The best-
fitting linear relation has a slope consistent with zero, b = 0.012 ±
0.034 (solid line).

Now, we go one step further and repeat the analysis for three bins
in stellar mass (with 64, 64 and 61 galaxies in the low, intermediate
and high stellar mass bins, respectively). Fig. 29 shows the results
for each stellar mass bin (as labeled; the legend here is similar to that

24 Note that the disc scalelength dictates the radius at which the rotation
velocity is evaluated, and therefore, the amount of DM ‘seen’ by the gas.
Thus, in the case where DM dominates the inner regions of the galaxy,
the expected value of ∂log Vrot/∂log Rd is given by the inner slope of the
circular velocity profile of an NFW DM halo, which is around 1/2.

Figure 28. Correlation between velocity residuals from the M⋆ ITFR,
#(log V80), and disc size offsets #(log Rd), defined relative to the mean
relation log R̄d(M⋆) (given by equation 35). The best-fitting linear relation
has a slope consistent with zero (solid line). Predicted trends for a pure
self-gravitating disc model (slope = −0.5) and a pure NFW DM halo model
(slope = +0.5) are also shown (dot-dashed lines).

in Fig. 28). Although the best-fitting slopes are not close to either
of the predictions from the pure disc and pure DM models (−0.5
and +0.5, respectively; dot-dashed lines), we find a decreasing
trend in the best-fitting slope (changing sign from slightly positive
to slightly negative) with increasing stellar mass: b = 0.087 ±
0.055, 0.00 ± 0.03 and −0.04 ± 0.08 for the low, intermediate and
high stellar mass bins, respectively. The correlations are weak, but
reflect the same trend with increasing stellar mass: ρ = 0.25, −0.08
and −0.15, with corresponding Sig(ρ) = 0.05, 0.5 and 0.2, for the
three bins, respectively.

The observed trend indicates that the stellar mass (or baryon)
fraction within the optical region of disc galaxies increases sys-
tematically with stellar mass over the range of stellar masses we
consider. In Section 11, we explicitly calculate stellar mass frac-
tions and confirm the trend with stellar mass suggested by these
residual correlations. In Section 12.4, we discuss the interpretation
of these results.

11 DYNAMI CAL-TO-STELLAR MASS RATIOS

We calculate dynamical-to-stellar mass ratios within the optical
radius R80 for the 189 galaxies in the child disc sample, denoted
by (Mdyn/M⋆)opt ≡ (Mdyn/M⋆)(R80) = Mdyn(R80)/M⋆(R80) ≡
Mdyn,opt/M⋆,opt. We adopt an empirical definition that depends
straightforwardly on directly observed quantities
!

Mdyn

M⋆

"

opt

= V 2
80R80/G

0.8M⋆,Bell
− [K(D/T )80 − 1] , (36)

where G = 4.3012 × 10−6 kpc (km s−1)2 M−1
⊙ is the gravitational

constant, K = 1.34 is a geometrical factor that corrects for the
flattened potential of the disc (assuming a galaxy model with an
exponential disc, bulge and NFW DM halo; see the Appendix for
the derivation), and (D/T)80 is the disc-to-total mass ratio within
R80,

(D/T )80 = 1 − e−R80/Rd (1 + R80/Rd)
0.8

× (D/T ). (37)

C⃝ 2011 The Authors, MNRAS 417, 2347–2386
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SAMs: Models against Data 
   Courteau & Rix (1999) 

§  Simple exponential disk embedded in a DM halo 
§  Use density profile for collisionless ΛCDM simulations     

of halo formation (NFW) 
§  Assume adiabatic contraction  
§  Use stellar disks of various M/L ratios and Rexp = 3 kpc, 

and compute the disk-halo  contributions to the rotation 
curve 

§  Get ∂log(V2.2) /∂log(Rexp) for each value of Vdisk/ Vtot 
§  Test with bulge and isothermal halos 

    Dutton+07 
§  Include baryonic effects: feedback, self-regulating bulge 

for disk stability, generalised adiabatic contraction, SFR 
w/ threshold surface density, IMFs, etc. Constrains LF. 



Comparison With Models 

→ Vdisk / Vtot < 0.6 at R = 2.2Rexp  with AC  (Courteau & Rix 1999)  

→ Vdisk / Vtot = 0.72 ± 0.05 at R = 2.2Rexp  without AC  
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Evidence for Sub-Maximal Disks (at 2.2Rd) 
§  Predicted by analytical models of galaxy formation       

(e.g., Mo et al. 1998; Dutton et al 2007)  (Assumes AC)  
§  stellar kinematics of galactic disks Bottema (1997); 

DiskMass project (Bershady, Verheijen+11,13) 
§  TF residuals: Courteau & Rix (1999); Dutton+07 
§  gas kinematics and structure of spiral arms                   

Kranz, Slyz & Rix (2002); Foyle etal (2008):  
§  Kregel et al. (2005): disk flattening of edge-on galaxies 
§  Trott & Webster (2010): lensing + rotation curve 

constraints 
§  local stellar density: Bovy & Rix (2013): MW is maximal  

Vdisk/Vtot ≤ 0.6 MDM/Mtot ≥ 0.7 
(on average at 2.2 disk scale lengths) 

van den Kruit & Freeman (2011; ARAA) Courteau etal (2014; RMP)  



CAVEATS: Mass Models (Dutton+05) 
fixed M/L α = 1 (NFW) fixed c

Need statistical treatments! 



CAVEATS: Mass Models M31 (Simard+15) 



Constraints on the Milky Way disk (SEGUE)

Bovy & Rix (2013), ApJ, 779, 115 

stellar disk scale length = 2.15 +/- 0.14 kpc 
Σ* = 38 +/- 4 M¤/pc2 

Σdisk = 51 +/- 4 M¤/pc2 
 

M* = 4.6 +/- 0.3 x 1010 M¤ 

Mdisk = 5.3 +/- 0.3 x 1010 M¤ 

Mbaryonic = 6.3 +/- 0.3 x 1010 M¤ 




 
Vc,*
Vcirc

2.2Rd
= 0.83± 0.04

The Milky Way is “maximal” 



The question is not whether galaxies are maximal 
or sub-maximal: most galaxies probably maximal 
at their center [Athanassoulla, Sellwood, …]  
 
The degree of sub-maximality with radius could 
depend on surface brightness (LSBs à DM 
dominated near centre) 
[Courteau etal 2014] 
 
à Must measure Vbaryon/Vtot  vs radius for galaxies 
of all types. 
 
 



Courteau etal 2014,  
Reviews of Modern 
Physics, 86, 47-119 
 
Goal: map M/L as a 
function of R 
 
I.  Modeling the Stellar 

M*/L Ratio 
II.  Masses of Gas-Rich 

Galaxies 
III.  The Milky Way 
IV.  Masses of Gas-Poor 

Galaxies 
V.  Weak Lensing by 

Galaxies 
VI.  Strong Lensing by 

Galaxies 



Global Disk Galaxy Scaling Relations 

Courteau+07; see also Reyes+11, Hall+12



 
Hudson etal 2014 
weak lensing:  
central + satellites  
at z=0.3  
 
IMF change with 
[Fe/H], α, age, DM 
contributions?  
- e.g. Cappellari, 
Trager, … 
 

 

SDSS Study: Dark halo response and the stellar IMF 
in early-  and late-type galaxies (Dutton+11) 



4
9 

Leauthaud et al. 2011 

M* ~ Mhalo
3 

Stellar Mass-Halo Mass Relation 



Dutton+11; see also  
Trujillo-Gomez+11  
 

•  Vc=1.54σ for ETGs  
Courteau+07b; Catinella+12; 
Cappellari+13; Courteau+14 

•  Vopt/V200 = 1.3 
Lensing: Dutton+10; Reyes+11 

•  ρ≈r-2 

(“Disk/Halo conspiracy”;  
   see Remus+13) 

SDSS Study: Dark halo response and the stellar IMF 
in early-  and late-type galaxies (Dutton+11) 



Summary
§  On average, star-forming disks (in the local universe)         

are consistent with a universal Milky Way IMF and sub-
maximal disks at 2.2Rd  (Courteau & Rix 1999; Bell & de Jong 
2001; Dutton+11; Bershady+11; Brewer+12) 

§  But early-type systems (ETGs, bulges) may have a Salpeter-
type IMF (van Dokkum & Conroy 2010; Dutton+13, Hudson+14)

§  The origin of the Tully-Fisher relation remains poorly 
understood.  Could the Tully-Fisher problems just reflect 
systematic errors in SPS stellar masses?                                         

(CR99; Dutton+07,11; Trujillo-Gomez+11; Reyes+12; Miller+12) 
§  VL/RL/LF analysis for LTGs/ETGs: must constrain stellar 

population models, metallicities, IMF and AC.  Slope, 
zero-point and scatter of scaling relations must be 
matched simultaneously                                                      
(C&R99; Dutton+11; Papastergis+11; Trujillo-Gomez+11; Reyes+12)



Wish list (Obs.)
§  General: must determine biases and applicability             

of structural parameters (Vrot, σ, R23.5, accurate D, …)       
Measure V(r) and σ(r) as deeply  and  homogeneously      
as possible (esp, at baryon/DM transition).

§  BTF/FP analysis for tens of thousands of LTGs and ETGs: 
need deep and extended dynamical profiles, X-ray maps, 
multi-wavelength imaging, gas fractions  E.g. Atlas3D, 
ALFALFA, CALIFA, MaNGA, SAMI, SLACS, SLUGGS, 
SHIVir, … (bias on dynamics)



§  Baryon/DM fraction vs radius:  
    need accurate stellar pop models 
§  Velocity function of galaxies 
§  Theory: Must understand AC                  

and feedback (SN + AGN)                      
and baryons/DM cross-talk: 

 Viable models must require strong            
SN feedback at low masses and           
strong AGN feedback at high            
masses to match observed LFs 
 Most galaxy scaling relations  
 depend on the feedback model.   
 But there is no substitute to    
 extensive, homogeneous data! 

     

Wish List (Obs/Theory) 


