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For the Spherical (dwarf Spheroidal) and Globular Clusters sessions of the 5th Gaia Challenge (GC5), we
use both 6D cartesian (cart6D) mocks and Gaia-like mocks, with different errors, corresponding to different
surveys.

1 Cartesian mocks

Our cart6D mocks were built from 6D distribution functions. For the dwarf spheroidal galaxies (dSphs), we use
the same mocks as in GC4, built by Walker & J. Peñarrubia. For globular clusters (GCs), we specific mocks
were built by E. Vasiliev and S. Rozier.1 The 3 sets of cart6D mocks assume that the stars and the dark matter
(for the dSphs only) follow the general formula (Zhao 1996):
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where a is a scale radius, called r∗ for the stars and rd for possible dark matter, and where β should not
be confused with the velocity anisotropy parameter β(r) first introduced by Binney (1980). For dSphs, we
consider models with either isotropic velocities (Iso) or with Osipkov-Merritt (OM) (Osipkov 1979; Merritt
1985) increasingly radial velocity anisotropy
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The cart6D mocks for the dSphs are a subset of those used for the previous Gaia Challenge (GC4), as we no
longer consider the NonPlum mocks that had unrealistically steep (–1 i.e. γ∗ = 1) inner slopes for the stars.
The GC mocks come in two flavors: the Vasiliev mocks are built from isotropic (i for isotropic) or Osipkov-
Merritt (a for anisotropic) orbits, while the Rozier mocks are built (Rozier et al. 2019) with possible rotation
(alpha01) or not (alpha0) and generalized Osipkov-Merritt (Osipkov-Merritt with outer anisotropy equal to
0 [i.e. isotropic q0], –1/4 [qmin05] or 1/4 [q05]), following Dejonghe (1987). Rozier et al. (2019) introduce
rotation by multiplying their distribution function by 1+α Sgn(Lz), where α = 0 for no rotation, and otherwise
they try α = 0.1, and where Lz is the z component of the angular momentum. The different types of spherical
mocks are listed in Table 1

Table 1: Types of mocks

file-prefix builder object βd γd MBH/Mstars velocity anisotropy rotation
PlumCoreIso Walker & Peñarrubia 11 dSph 3 0 0 isotropic 0
PlumCoreOM Walker & Peñarrubia 11 dSph 3 0 0 OM 0
PlumCoreTan Walker & Peñarrubia 11 dSph 3 0 0 constant tangential 0
PlumCuspIso Walker & Peñarrubia 11 dSph 3 1 0 isotropic 0
PlumCuspOM Walker & Peñarrubia 11 dSph 3 1 0 OM 0
PlumCuspTan Walker & Peñarrubia 11 dSph 3 1 0 constant tangential 0
orbit3 (t = 0) Read+06 dSph 4 0.99 0 isotropic 0
bh Vasiliev GC — — 0, 10−3, 10−2 isotropic, OM 0
Rot Rozier+19 GC — — 0 isotropic, gOM 0, some

Table 2 shows the adopted parameters. In particular, the stellar mass density profiles are Plummer-like
models, generalized to have inner slopes of –0.1 (γ = 0.1), which we abusively refer to as Plum models. We
respectively call Core and Cusp the cored (γd = 0) and cuspy (γd = 1 as in NFW) dark matter models.

1Thanks to Eugene Vasiliev and Simon Rozier for building the GC mocks on very short notice in less than 2 hours!
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Table 2: Parameters of 6D mocks

dSph GC-bh GC-Rot
builder M. Walker & J. Peñarrubia E. Vasiliev S. Rozier
massive components dark matter stars (+BH) stars
dark matter NFW (Cusp) or cNFW (Core) no no
black hole mass fraction 0 0 (bh0), 0.001

(bh0001), 0.01 (bh001)
0

r∗ (kpc) 1 (CoreIso), 0.25 (CoreOM,
CuspIso), 0.1 (CuspOM)

0.00313 0.00313

α∗ 2 2 2
β∗ 5 5 5
γ∗ 0.1 0.1 0
ρ0,∗ (M�/pc3) (no use) 7526 7526
logM∗ (M�) (no use) 6 6
ra/r∗ 1 (OM), ∞ (Iso) 1 (OM), ∞ (Iso) 1
β∞ 1 (OM), 0 (Iso) 1 (OM), 0 (Iso) –0.25 (qmin05), 0 (q0),

0.25 (q05)
rotation no no yes (alpha01), no

(alpha0)
rd (kpc) 1 — —
αd 1 — —
βd 3 — —
γd 0 (Core) or 1 (Cusp) — —
ρ0,d (M�/pc3) 0.4 (Core) or 0.064 (Cusp) — —
logM200,c (h = 0.7) 10.40 (Core), 9.36 (Cusp) — —

2 Transformation to Gaia-like mocks

We transform the cart6D mocks to Gaia-like models by inspiring ourselves of 47 Tuc for GCs and of Draco
for dSphs. Note that the cart6D mocks have stellar velocity dispersions near 14 km s−1, so to mimic Draco
which has stellar velocity dispersion of 7 km s−1, we first divided the velocities of the cart6D mock by 2 before
transforming into Gaia-like coordinates.

We performed the following steps:

1. Select random N stars (GCs only, already done in GC4 for the dSphs)

2. Rescale velocities (dSphs only, to conform to Draco)

3. Assign sky positions, centered at the origin, according to:

RA = − x
D

, (3)

Dec =
y

D
, (4)

where D is the distance to the object.

4. Assign line-of-sight (LOS) velocities, centered around 0, according to vLOS = vz.

5. Assign proper motions (PMs), centered at (0,0), according to:

PMRA = −vx
η
, (5)

PMRA =
vy
η
, (6)

where η = 4.74 km s−1[PM/(mas/yr)] (D/kpc).
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6. Select stars within angular separation θmax from object center.

Table 3: Parameters for transformation of cart6D to Gaia-like mocks

GC dSph
velocity scaling — 0.5
distance, D, (for Gaia-like) 5 kpc 70 kpc
maximum angular radius, θmax (for Gaia-like) 1 arcmin 0.75 arcmin

Table 3 shows the parameters used to build the Gaia-like mocks.

We allow ourselves to add Milky Way field stars (or interlopers). For this we proceed as follows.

1. Draw NFS random positions on the sky within a separation θmax from the object center, using the trans-
formations (with vector notation)

θ = θmax
√
qθ , (7)

φ = 2π qφ , (8)

where qθ and qφ are lists of uniform [0,1] deviates.

2. Draw random LOS velocities using off-centered Gaussian, i.e. vlos = vLOS + σLOSG(0, 1), where G(0, 1)
is a Gaussian distribution of mean 0 and standard deviation unity.

3. Draw random PMs from a wide-tailed distribution2 with outer slope γPM, i.e. PM moduli with PM =

aPM

√
q
2/(2+γPM)
PM − 1, where qPM is a another list of uniform [0,1] random deviates. This yields

φPM = 2π qφ,PM , (9)

PMRA = PMRA + PM cosφPM , (10)

PMDec = PMDec + PM sinφPM . (11)

Table 4: Parameters for field star interlopers in the Gaia-like mocks

GC dSph
interloper/system (for Gaia-like) 3 0.2
vLOS (km s−1) –60 –60
σLOS (km s−1) 60 60
PMRA (mas/yr) –4 –4
PMDec (mas/yr) –4 –4
aPM (mas/yr) 10 10
γPM –6 –6

Table 4 shows the parameters used to build the Gaia-like mocks. The interloper/system ratio is much higher
for the GC mocks to account for many GCs lying at low galactic latitude.

3 Velocity errors

We added velocity and PM errors as follows. We assumed that LOS velocities all had errors of 2 km s−1. This
is optimistic as errors on LOS velocity increase with increasing apparent magnitude and stars near the centers
of GCs cannot be measured because their spectra overlap.

The PM errors are known from Gaia-DR2. Figure 1 shows the variation of PM errors with magnitude for

2We noticed on Gaia-DR2 that the distribution of PM moduli of the field stars has wider tails than a Gaussian.
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Figure 1: PM errors in the field of Messier 4

stars in the field of the M4 GC.

We use the formula
ε = ε20 dex

[
0.352 (m− 20) + 0.021 (m− 20)2

]
, (12)

where m is the apparent magnitude, which we found fits well the Gaia DR2 data.3 We generated errors from
equation (12) with no scatter.

We thus first needed to generate random stellar magnitudes. We noticed (see Fig. 2) from Gaia-DR2 that
the differential magnitude counts are roughly

dN

dm
=

{
N14 dex [ζ (m− 14)] (m < msat) ,
N14 dex [ζ (msat − 14)] (m > msat) .

(13)

The globular cluster counts saturate around m = 17, while the field stars do not saturate. The saturation in
the GC stars may have to do with PM errors becoming too high to distinghuish GC stars from field stars solely
by their PMs (one can also use color-magnitude diagrams, but the colors become more uncertain at fainter
magnitudes).

Table 5: Parameters for PM errors in Gaia-like mocks

GC dSph field stars
slope of star counts (ζ) 0.4 0.4 0.3
msat 17 ∞ ∞

Table 5 shows the parameters used to add errors to the Gaia-like mocks.

Table 6 shows the normalization of the errors at m = 20 for different surveys: Gaia-DR2 (available), Gaia-DR4
(end of initially scheduled Gaia mission): 4.4 times more accurate than Gaia-DR2; Gaia-10 years (possible 5

3Surprisingly, the PM errors in RA are typically 1.5 times greater than those in Dec.
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Figure 2: Star counts in the field of Messier 4 for all stars and for GC candidate members based on their proper
motions)

Table 6: Normalization of PM errors in Gaia-like mocks

Survey ε20 (mas/yr)
Gaia-DR2 1.4
Gaia-DR4 0.32
Gaia-10 years 0.112
Theia 0.0049

year extension): 2.8 times more accurate than Gaia-DR4; Theia (mission concept submitted to ESA-M5): 65
more accurate than Gaia-DR4. Note that the Gaia-DR4 mock files are incorrectly labelled with “Gaia-DR3”.
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