
G d R i  CG d R i  CGrand Rotation CurveGrand Rotation Curveｓｓ
& & & & 

G l ti  R h  L bG l ti  R h  L bGalactic Roche LobesGalactic Roche Lobes
i  th  G l  d M31 i  th  G l  d M31 in the Galaxy and M31 in the Galaxy and M31 

Yoshiaki Sofue (Yoshiaki Sofue (MeiseiMeisei Uni.)Uni.)
2012.08.14 at 2012.08.14 at MeiseiMeisei UniversityUniversity



ContentsContents
1  R i  C1  R i  C1. Rotation Curve1. Rotation Curve
2  Mass models2  Mass models2. Mass models2. Mass models
3  Grand RC3  Grand RC3. Grand RC3. Grand RC
4. Local DM Density4. Local DM Density4. Local DM Density4. Local DM Density
5. Roche Lobes5. Roche Lobes

Galactic Territory Galactic Territory 



1  Rotation 1  Rotation 1. Rotation 1. Rotation 
CurveCurveCurveCurve
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Rotation velocities Rotation velocities 
inside/outside Solar Circleinside/outside Solar Circle
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Rotation curve at R>30 kpcRotation curve at R>30 kpc
i  d  ti  fi  d  ti  fassuming random motion ofassuming random motion of

satellite  galaxiessatellite  galaxiessatellite  galaxiessatellite  galaxies

Define:Define:
VV VV ≒≒ √√2 V2 VVVrotrot ==VVvirialvirial≒≒ √√2 V2 VGCGC



Solar Circular Velocity V0=200 km/s @ R0=8kpc



2  Mass Model 2  Mass Model 2. Mass Model 2. Mass Model 



RC Fitting byRC Fitting byRC Fitting byRC Fitting by
(1)(1) Bulge: deBulge: de VaucouleursVaucouleurs LawLaw(1)(1) Bulge: de Bulge: de VaucouleursVaucouleurs LawLaw
(2)(2) Disk: ExponentialDisk: Exponential(2)(2) Disk: ExponentialDisk: Exponential
(3)(3) Dark Halo: NFWDark Halo: NFW(3)(3) Dark Halo: NFWDark Halo: NFW



de V de V ∝∝ exp(exp(--rr1/41/4))
EEExpo.Expo.
PlummerPlummer
KeplerKepler

10

dV law = thick line
Plummer = dotted line
Expo. disk = thin solid line
Keplerian = thin dash line

10

D(z)

Keplerian = thin dash line

1

z
0.01 0.1 1 100.1



(1) Bulge(1) Bulge
de de VaucouleursVaucouleurs: exp(: exp(--rr1/41/4))



Mass models:Mass models:
Bulge: de Bulge: de VaucouleursVaucouleurs (r(r1/41/4) ) 



(2) Exponential Disk (2) Exponential Disk 
+Arm/Ring+Arm/Ring

(If  Δ=0, V(R)=written by modified Bessel functions)(If  Δ=0, V(R)=written by modified Bessel functions)



Disk: ExponentialDisk: Exponential



(3) Dark Halo Density Profile(3) Dark Halo Density Profile
NFW ProfileNFW Profile

((NN F kF k Whi 1994)Whi 1994)((NavaroNavaro--FrenkFrenk--White 1994)White 1994)



Volume Densities for
B l Di k d H l （I h NFW B k )Bulge, Disk, and Halo（Isoth, NFW, Burkert)

12

11

9

10

nu
c.cpk

8oh
R

s
M

6

7

goL

5 10 15 20 25 30

6

5 10 15 20 25 30
R kpc



Sofue, Honma, Omodaka 2009
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3  3  Grand Grand 3. 3. Grand Grand 
Rotation CurveRotation CurveRotation CurveRotation Curve



Dark Halo Density ProfilesDark Halo Density ProfilesDark Halo Density ProfilesDark Halo Density Profiles
(X=R/h)(X=R/h)( )( )

NFW density NFW density ∝∝ 1/X(1+X)1/X(1+X) 22

((NavaroNavaro--FrenkFrenk--White 1994)White 1994)

// 22BurkertBurkert ∝∝ 1/(1+X)(1+X1/(1+X)(1+X22))

Isothermal Isothermal ∝∝ 1/(1+X1/(1+X22)    =>X)    =>X--22





Local Group of GalaxiesLocal Group of GalaxiesLocal Group of GalaxiesLocal Group of Galaxies



Grand Rotation CurveGrand Rotation CurveGrand Rotation CurveGrand Rotation Curve

Sattelite’sSattelite’s velocityvelocitySattelite sSattelite s velocity velocity 
=>=>VirialVirial MassMass

V(R)=V(R)=√√２２ VrVrV(R)=V(R)=√√２２ VrVr



Solar Circular Velocity V0=200 km/s @ R0=8kpc



Grand RC



de V. Bulge

Expo. Disk

NFW Halo 

MW ⇔ M31
border

Milky Way GRCMilky Way GRC



4. Galaxy 4. Galaxy yy
Parameters Parameters &&Parameters Parameters &&

L dL d DM D itDM D itLocadLocad DM DensityDM Density



Di iDi iDispersion Dispersion 
Scale radius fitScale radius fit

Di iDi iDispersionDispersion
Mass fitMass fit





Th L l D k M tt D itTh L l D k M tt D itThe Local Dark Matter DensityThe Local Dark Matter Density
@ Sun@ Sun@ Sun  @ Sun  

ρρ == 0 2350 235±±0 0300 030ρρ☉☉= = 0.2350.235±±0.0300.030
GeVGeV cmcm--33GeVGeV cmcm 33



M ~ RVM ~ RV22/G  => /G  => ρρ0 0 ~ M/R~ M/R3 3 ~ (V/R)~ (V/R)2 2 ~~
ΩΩ22

VV00/R/R00==ΩΩ00 ((km skm s--11 kpckpc--11)) ρρ00 ((GeVGeV cmcm--33))

ΩΩ22

VV00/R/R00 ΩΩ00 ((km skm s kpckpc )           )           ρρ00 ((GeVGeV cmcm ))

SofueSofue (2012)(2012)( )( )
200/8.0 200/8.0 ＝＝25.0     25.0     0.2350.235±±0.0300.030
( 248/8 2( 248/8 2 ＝＝ 30 330 3 0 340 34 ±± 0 04 )0 04 )( 248/8.2   ( 248/8.2   ＝＝ 30.3   30.3   0.34    0.34    ±± 0.04 )0.04 )

SalucciSalucci, et al. (2011), et al. (2011)≒≒Honma et al (2012)Honma et al (2012)SalucciSalucci, et al. (2011), et al. (2011)≒≒Honma et al (2012)Honma et al (2012)
248/8.2 248/8.2 ＝＝ 30.3      30.3      0.43 0.43 ±± 0.11 0.11 
( 200/8 0( 200/8 0 ＝＝ 25 025 0 0 290 29 ±± 0 07 )0 07 )( 200/8.0  ( 200/8.0  ＝＝ 25.0     25.0     0.29   0.29   ±± 0.07 )0.07 )

Weber and de Boer (2010)Weber and de Boer (2010)( )( )
0.2 ~ 0.40.2 ~ 0.4



6. Galactic 6. Galactic 6. Galactic 6. Galactic 
Roche LobeRoche LobeRoche LobeRoche Lobe

-- Territory problem Territory problem ––



Grand RC of  M31 Grand RC of  M31 

VrotVrot
√√2 Vr2 Vr

VrotVrot



GRC of M31GRC of M31GRC of M31GRC of M31

NFW Halo NFW Halo 

de V. Bulgede V. Bulge
Expo. DiskExpo. Disk

M31M31⇔⇔ MWMWM31M31



Grand RC of  M31 Grand RC of  M31 ≒≒ GalaxyGalaxy

MW MW ⇔⇔ M31M31

de V. Bulgede V. Bulge
Expo. DiskExpo. Disk

NFW Halo NFW Halo 

de V. Bulgede V. Bulge
Expo. DiskExpo. Disk

NFW Halo NFW Halo 

MWMW M31M31⇔⇔ MWMWM31M31



M31M31 ≒≒ Galaxy>> M33 dwarfsGalaxy>> M33 dwarfsM31 M31 ≒≒ Galaxy>> M33, dwarfsGalaxy>> M33, dwarfs

MW+M31MW+M31≒≒BiBiMW+M31MW+M31≒≒Binary  Binary  



2D Matsuda et al. 20002D Matsuda et al. 2000



BinaryBinary (2 point masses) Roche Lobes (2 point masses) Roche Lobes 



G l ti  R h  L bG l ti  R h  L bGalactic Roche LobeGalactic Roche Lobe

Φ=ΦΦ=Φ +Φ+Φ +Φ+ΦΦ=ΦΦ=ΦGG+Φ+ΦM31M31+Φ+ΦΩΩ Rigid rot Rigid rot coordicoordi..

== --GMGM11/r/r1 1 -- GMGM22/r/r2 2 -- (1/2)Ω(1/2)Ω22 rr22
11 1 1 22 2 2 ( )( )



NFW RocheNFW Roche LobeLobebb

MMhh(R) = (R) = 
44 hh33{{ll (1(1 X) X/(X) X/(11 XX)})}4πρ4πρ00hh33{{lnln(1+(1+X)−X/(X)−X/(1+1+XX)})}

X=R/hX=R/hX R/hX R/h
}}
::



Galactic DM Roche LobeGalactic DM Roche Lobe
MWMW M31 Bi  M31 Bi  MWMW--M31 Binary M31 Binary 





Local Group of GalaxiesLocal Group of GalaxiesLocal Group of GalaxiesLocal Group of Galaxies



Galaxy + M31Galaxy + M31 ＝＞＝＞What in futureWhat in future？？Galaxy + M31Galaxy + M31 ＝＞＝＞What in futureWhat in future？？



Galaxy Galaxy –– M31M31



SummarySummarySummarySummary
1  Rotation Curve1  Rotation Curve1. Rotation Curve1. Rotation Curve
2. Mass models2. Mass models
3. Grand RC (Log RC)3. Grand RC (Log RC)
4. 4. Local DM Density & Local DM Density & 

GGGG--parametersparameters
5  Roche Lobe5  Roche Lobe5. Roche Lobe5. Roche Lobe

Galactic Territory MW Galactic Territory MW vsvs M31M31yy



７７ Grand RC (Log RC)Grand RC (Log RC)７．７．Grand RC (Log RC)Grand RC (Log RC)
for the Galactic for the Galactic for the Galactic for the Galactic 
CenterCenterCenterCenter



B l  i  i  b t  B l  i  i  b t  Bulge is in between Bulge is in between 
d  d  V lV lde de VaucouleursVaucouleurs

andand
Exponential Exponential 



de V de V ∝∝ exp(exp(--rr1/41/4))
EEExpo.Expo.
PlummerPlummer
KeplerKepler
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