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Why dwarf galaxies challenge ΛCDM
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Figure 2. Histogram (upper panel) and cumulative distribution
(lower panel) of mean and median o↵sets for 10000 randomized
distributions of the 10 stellar systems within the DES-Y1A1 foot-
print, as discussed in Sect. 2.2. Even though the DES footprint
is close to the VPOS, the observed mean and median (thick solid
blue and thinner dashed red histograms, respectively) o↵sets of
the 10 objects (vertical dashed and dotted lines, respectively) are
smaller than expected for isotropically distributed objects.

are the three previously-identified outliers Hercules, Ursa
Major I, and Leo I, as well as the newly discovered object
Hyd II. We note that Leo I has a proper motion indicating
that it does not orbit within the VPOS. It might not even be
a true MW satellite given its large Galactocentric distance
and high velocity. This VPOS+New-4 has a very similar
orientation as the VPOS+New (inclined by about 6�) but
is significantly thinner (� = 21.3 kpc, c/a = 0.224). It is
almost identical in orientation and thickness to the VPOS-
3, but also has a smaller o↵set from the MW center.

As reported before (Pawlowski, Kroupa & Jerjen 2013),

Figure 3. Distribution of satellite objects in Cartesian coordi-
nates around the MW. The upper panel shows the VPOS+new
fit edge-on (black solid line, the dashed lines indicate the rms
height), the lower panel shows a view rotated by 90�, in which
the VPOS is oriented approximately face-on. In this view, the
MW satellites with measured proper motions preferentially or-
bit in the clockwise direction. The 11 brightest (classical) MW
satellite galaxies are plotted as yellow dots, the fainter satellite
galaxies as smaller green dots and globular clusters classified as
young halo objects as blue squares. New objects confirmed to be
star clusters (PSO J174.0675-10.8774/Crater in the north, Kim1
& 2 in the south) are plotted as lighter blue diamonds, all other
new objects as bright-green stars. The red lines in the center in-
dicate the position and orientation of streams in the MW halo.
They preferentially align with the VPOS, but are mostly con-
fined to the innermost regions of the satellite distribution. Both
plots are centred on the MW (cyan line) which is seen edge-on.
The grey wedges indicate the region (±12� around the MW disk,
where satellite galaxies might be obscured by the Galaxy.
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Figure 5. Rotation curves of four dwarf irregular galaxies of approximately the same maximum rotation speed (⇠ 80–100 km s�1) and galaxy mass,
chosen to illustrate the diversity of rotation curve shape at given Vmax. As in previous figures, coloured solid curves and shaded areas correspond to
the median (and 10

th–90th percentile) circular velocity curve of simulated galaxies matching (within 10 per cent) the maximum circular velocity of
each galaxy. Note that the observed rotation curves exhibit a much wider diversity than seen in the EAGLE and LOCAL GROUPS simulations, from
galaxies like UGC 5721, which are consistent with our simulations, to galaxies like IC 2574, which show a much more slowly rising rotation curve
compared with simulations, either hydrodynamical (coloured lines) or dark matter-only (black lines).

Available simulation data are sparse but suggest that the scatter
in structural properties at fixed halo mass is no larger for alterna-
tive dark matter models than for ⇤CDM (e.g. Rocha et al. 2013;
Lovell et al. 2014, for SIDM and WDM respectively). This is in
disagreement with rotation curve data and suggests that a mech-
anism unrelated to the nature of the dark matter must be invoked
to explain the rotation curve shapes.

4.6 The “inner mass deficit” problem

The prevalence of the “inner mass deficit” problem discussed
above may be characterized by comparing the inner circular
velocities of observed galaxies with those of ⇤CDM galaxies
of matching Vmax. We show this in Fig. 6, where we use our
⇤CDM simulations, as well as the compiled rotation curve data,
to plot the circular velocity at 2 kpc against the maximum mea-
sured rotation speed, Vmax. Where data do not exist at exactly
2 kpc, we interpolate linearly between nearby data points. We
choose a fixed physical radius of 2 kpc to characterize the in-
ner mass profile because it is the minimum radius that is well
resolved in all of our simulations for systems in the mass range

of interest here. It is also a radius that is well resolved in all
observed galaxies included in our compilation.

The grey symbols in the top left panel of Fig. 6 show the
results of our DMO simulations. The tight correlation between
these quantities in the DMO case is a direct consequence of the
nearly self-similar nature of ⇤CDM haloes: once the cosmo-
logical parameters are specified, the circular velocity at 2 kpc
may be used to predict Vmax, and vice versa. Variations in en-
vironment, shape and formation history result in some scatter,
but overall this is quite small. For given Vmax, the circular ve-
locity at 2 kpc has a standard deviation of only ⇠ 0.1 dex.
Our results are in good agreement with earlier DMO simula-
tion work. The solid black line (and shaded region) in the figure
indicates the expected correlation (plus 1-� scatter) for NFW
haloes with the mass-concentration relation corresponding to
the cosmological parameters adopted in our simulations (Lud-
low et al. 2014). Note that the simulated data approach the 1:1
line for Vmax < 30 km/s: this is because those halos are intrinsi-
cally small; the radius where circular velocity profiles peak de-
creases steadily with decreasing circular velocity, from 4.6 kpc
to 1.9 kpc when Vmax decreases from 30 to 15 km/s.

The inclusion of baryons modifies these correlations, as

c� 0000 RAS, MNRAS 000, 000–000

8 K. A. Oman et al.

Figure 5. Rotation curves of four dwarf irregular galaxies of approximately the same maximum rotation speed (⇠ 80–100 km s�1) and galaxy mass,
chosen to illustrate the diversity of rotation curve shape at given Vmax. As in previous figures, coloured solid curves and shaded areas correspond to
the median (and 10

th–90th percentile) circular velocity curve of simulated galaxies matching (within 10 per cent) the maximum circular velocity of
each galaxy. Note that the observed rotation curves exhibit a much wider diversity than seen in the EAGLE and LOCAL GROUPS simulations, from
galaxies like UGC 5721, which are consistent with our simulations, to galaxies like IC 2574, which show a much more slowly rising rotation curve
compared with simulations, either hydrodynamical (coloured lines) or dark matter-only (black lines).

Available simulation data are sparse but suggest that the scatter
in structural properties at fixed halo mass is no larger for alterna-
tive dark matter models than for ⇤CDM (e.g. Rocha et al. 2013;
Lovell et al. 2014, for SIDM and WDM respectively). This is in
disagreement with rotation curve data and suggests that a mech-
anism unrelated to the nature of the dark matter must be invoked
to explain the rotation curve shapes.

4.6 The “inner mass deficit” problem

The prevalence of the “inner mass deficit” problem discussed
above may be characterized by comparing the inner circular
velocities of observed galaxies with those of ⇤CDM galaxies
of matching Vmax. We show this in Fig. 6, where we use our
⇤CDM simulations, as well as the compiled rotation curve data,
to plot the circular velocity at 2 kpc against the maximum mea-
sured rotation speed, Vmax. Where data do not exist at exactly
2 kpc, we interpolate linearly between nearby data points. We
choose a fixed physical radius of 2 kpc to characterize the in-
ner mass profile because it is the minimum radius that is well
resolved in all of our simulations for systems in the mass range

of interest here. It is also a radius that is well resolved in all
observed galaxies included in our compilation.

The grey symbols in the top left panel of Fig. 6 show the
results of our DMO simulations. The tight correlation between
these quantities in the DMO case is a direct consequence of the
nearly self-similar nature of ⇤CDM haloes: once the cosmo-
logical parameters are specified, the circular velocity at 2 kpc
may be used to predict Vmax, and vice versa. Variations in en-
vironment, shape and formation history result in some scatter,
but overall this is quite small. For given Vmax, the circular ve-
locity at 2 kpc has a standard deviation of only ⇠ 0.1 dex.
Our results are in good agreement with earlier DMO simula-
tion work. The solid black line (and shaded region) in the figure
indicates the expected correlation (plus 1-� scatter) for NFW
haloes with the mass-concentration relation corresponding to
the cosmological parameters adopted in our simulations (Lud-
low et al. 2014). Note that the simulated data approach the 1:1
line for Vmax < 30 km/s: this is because those halos are intrinsi-
cally small; the radius where circular velocity profiles peak de-
creases steadily with decreasing circular velocity, from 4.6 kpc
to 1.9 kpc when Vmax decreases from 30 to 15 km/s.

The inclusion of baryons modifies these correlations, as

c� 0000 RAS, MNRAS 000, 000–000

8 K. A. Oman et al.

Figure 5. Rotation curves of four dwarf irregular galaxies of approximately the same maximum rotation speed (⇠ 80–100 km s�1) and galaxy mass,
chosen to illustrate the diversity of rotation curve shape at given Vmax. As in previous figures, coloured solid curves and shaded areas correspond to
the median (and 10

th–90th percentile) circular velocity curve of simulated galaxies matching (within 10 per cent) the maximum circular velocity of
each galaxy. Note that the observed rotation curves exhibit a much wider diversity than seen in the EAGLE and LOCAL GROUPS simulations, from
galaxies like UGC 5721, which are consistent with our simulations, to galaxies like IC 2574, which show a much more slowly rising rotation curve
compared with simulations, either hydrodynamical (coloured lines) or dark matter-only (black lines).

Available simulation data are sparse but suggest that the scatter
in structural properties at fixed halo mass is no larger for alterna-
tive dark matter models than for ⇤CDM (e.g. Rocha et al. 2013;
Lovell et al. 2014, for SIDM and WDM respectively). This is in
disagreement with rotation curve data and suggests that a mech-
anism unrelated to the nature of the dark matter must be invoked
to explain the rotation curve shapes.

4.6 The “inner mass deficit” problem

The prevalence of the “inner mass deficit” problem discussed
above may be characterized by comparing the inner circular
velocities of observed galaxies with those of ⇤CDM galaxies
of matching Vmax. We show this in Fig. 6, where we use our
⇤CDM simulations, as well as the compiled rotation curve data,
to plot the circular velocity at 2 kpc against the maximum mea-
sured rotation speed, Vmax. Where data do not exist at exactly
2 kpc, we interpolate linearly between nearby data points. We
choose a fixed physical radius of 2 kpc to characterize the in-
ner mass profile because it is the minimum radius that is well
resolved in all of our simulations for systems in the mass range

of interest here. It is also a radius that is well resolved in all
observed galaxies included in our compilation.

The grey symbols in the top left panel of Fig. 6 show the
results of our DMO simulations. The tight correlation between
these quantities in the DMO case is a direct consequence of the
nearly self-similar nature of ⇤CDM haloes: once the cosmo-
logical parameters are specified, the circular velocity at 2 kpc
may be used to predict Vmax, and vice versa. Variations in en-
vironment, shape and formation history result in some scatter,
but overall this is quite small. For given Vmax, the circular ve-
locity at 2 kpc has a standard deviation of only ⇠ 0.1 dex.
Our results are in good agreement with earlier DMO simula-
tion work. The solid black line (and shaded region) in the figure
indicates the expected correlation (plus 1-� scatter) for NFW
haloes with the mass-concentration relation corresponding to
the cosmological parameters adopted in our simulations (Lud-
low et al. 2014). Note that the simulated data approach the 1:1
line for Vmax < 30 km/s: this is because those halos are intrinsi-
cally small; the radius where circular velocity profiles peak de-
creases steadily with decreasing circular velocity, from 4.6 kpc
to 1.9 kpc when Vmax decreases from 30 to 15 km/s.

The inclusion of baryons modifies these correlations, as

c� 0000 RAS, MNRAS 000, 000–000



Alignments
6 Pawlowski, McGaugh & Jerjen

Figure 2. Histogram (upper panel) and cumulative distribution
(lower panel) of mean and median o↵sets for 10000 randomized
distributions of the 10 stellar systems within the DES-Y1A1 foot-
print, as discussed in Sect. 2.2. Even though the DES footprint
is close to the VPOS, the observed mean and median (thick solid
blue and thinner dashed red histograms, respectively) o↵sets of
the 10 objects (vertical dashed and dotted lines, respectively) are
smaller than expected for isotropically distributed objects.

are the three previously-identified outliers Hercules, Ursa
Major I, and Leo I, as well as the newly discovered object
Hyd II. We note that Leo I has a proper motion indicating
that it does not orbit within the VPOS. It might not even be
a true MW satellite given its large Galactocentric distance
and high velocity. This VPOS+New-4 has a very similar
orientation as the VPOS+New (inclined by about 6�) but
is significantly thinner (� = 21.3 kpc, c/a = 0.224). It is
almost identical in orientation and thickness to the VPOS-
3, but also has a smaller o↵set from the MW center.

As reported before (Pawlowski, Kroupa & Jerjen 2013),

Figure 3. Distribution of satellite objects in Cartesian coordi-
nates around the MW. The upper panel shows the VPOS+new
fit edge-on (black solid line, the dashed lines indicate the rms
height), the lower panel shows a view rotated by 90�, in which
the VPOS is oriented approximately face-on. In this view, the
MW satellites with measured proper motions preferentially or-
bit in the clockwise direction. The 11 brightest (classical) MW
satellite galaxies are plotted as yellow dots, the fainter satellite
galaxies as smaller green dots and globular clusters classified as
young halo objects as blue squares. New objects confirmed to be
star clusters (PSO J174.0675-10.8774/Crater in the north, Kim1
& 2 in the south) are plotted as lighter blue diamonds, all other
new objects as bright-green stars. The red lines in the center in-
dicate the position and orientation of streams in the MW halo.
They preferentially align with the VPOS, but are mostly con-
fined to the innermost regions of the satellite distribution. Both
plots are centred on the MW (cyan line) which is seen edge-on.
The grey wedges indicate the region (±12� around the MW disk,
where satellite galaxies might be obscured by the Galaxy.
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Figure 1: Map of the Andromeda satellite system. The homogenous PAndAS survey (irregular 

polygon) provides the source catalogue for the detections and distance measurements of the 27 

satellite galaxies20  (filled circles) used in this study.  Near M31 (ellipse), the high background 

hampers the detection of new satellites and precludes reliable distance measurements for M32 and 

NGC 205 (black open circles); we therefore exclude the region inside 2◦.5 (dashed circle) from the 

analysis. The seven satellites known outside the PandAS area (green circles/arrows) constitute a 

heterogenous sample, discovered in various surveys with non-uniform spatial coverage, and their 

distances are not measured in the same homogenous way. Since a reliable spatial analysis requires 

a dataset with homogenous selection criteria, we do not include these objects in the sample either. 

The analysis shows that satellites marked red are confined to a highly planar structure. Note that 

this structure is approximately perpendicular to lines of constant Galactic latitude, so it is therefore 

aligned approximately perpendicular to the Milky Way’s disk (the grid squares are 4◦  × 4◦). 

M31 e.g. Ibata+ 2013

Jury still out on whether this is a problem or not
e.g. Libeskind+ 2009; Buck, Dutton & Macciò 2016; Santos-Santos+ 2021 
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The prevalence of the “inner mass deficit” problem discussed
above may be characterized by comparing the inner circular
velocities of observed galaxies with those of ⇤CDM galaxies
of matching Vmax. We show this in Fig. 6, where we use our
⇤CDM simulations, as well as the compiled rotation curve data,
to plot the circular velocity at 2 kpc against the maximum mea-
sured rotation speed, Vmax. Where data do not exist at exactly
2 kpc, we interpolate linearly between nearby data points. We
choose a fixed physical radius of 2 kpc to characterize the in-
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of interest here. It is also a radius that is well resolved in all
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The grey symbols in the top left panel of Fig. 6 show the
results of our DMO simulations. The tight correlation between
these quantities in the DMO case is a direct consequence of the
nearly self-similar nature of ⇤CDM haloes: once the cosmo-
logical parameters are specified, the circular velocity at 2 kpc
may be used to predict Vmax, and vice versa. Variations in en-
vironment, shape and formation history result in some scatter,
but overall this is quite small. For given Vmax, the circular ve-
locity at 2 kpc has a standard deviation of only ⇠ 0.1 dex.
Our results are in good agreement with earlier DMO simula-
tion work. The solid black line (and shaded region) in the figure
indicates the expected correlation (plus 1-� scatter) for NFW
haloes with the mass-concentration relation corresponding to
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cally small; the radius where circular velocity profiles peak de-
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Part 2: “Genetically modified” simulations
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Fig. 1.—Morphological evolution of the satellite. (a–f) The spatial distribution of stellar mass density as a function of the elapsed time, where 0.00 Gyr
corresponds to the present. Each simulation box has a size of 160 kpc. The color corresponds to the logarithmic density . Elapsed!33.5 ! log r (M kpc ) ! 4.5,

time in Gyr is given in the lower right corner of each panel: (a) !1.00 Gyr, (b) !0.75 Gyr, (c) !0.50 Gyr, (d) !0.25 Gyr, (e) 0.00 Gyr, (f) 1.00 Gyr, (g) 2.00
Gyr, and (h) 3.00 Gyr. The formation of shells in (e)–(h) infers that the distant arcs observed by Ibata et al. (2007) may correspond to the shells of an ancient
radial merger. [This figure is available as an mpeg animation in the electronic edition of the Journal.]

model A of Widrow et al. (2003), finally, we obtain the critical
satellite mass,

9M p 5.2 # 10 Mc ,

1/2 1/2M v Dzd ds# . (1)( )( ) ( )10 !17 # 10 M 150 km s 0.3 kpc,

Consequently, the dynamical mass of the satellite should be
smaller than this critical mass, since the disk thickness must
agree with the observed thickness of M31 after the interaction
of the satellite. This yields an upper limit for the total pro-
genitor mass. Adopting for the stream [Fe/H] ! !1 (Koch et
al. 2007) and using the mass-metallicity relation of Dekel &
Woo (2003) gives a lower mass limit for a progenitor stellar
mass " , which agrees with the predictions of Font85 # 10 M,

et al. (2006, 2008). We offer only order-of-magnitude con-
straints on these mass bounds, which must be refined further
with better observations and fully nonlinear numerical
simulations.

3. NUMERICAL MODELING OF THE INTERACTION BETWEEN THE
SATELLITE AND M31

In this section, we demonstrate an N-body simulation of the
interaction between an accreting satellite and M31. We assume
that the total mass of the disk is . The density107.0 # 10 M,

of the disk falls off approximately as the exponential with a
scale length of 5.4 kpc in the radial direction, and as sech2 with
a scale height of 0.3 kpc in the vertical direction. The bulge
is a King (1962) model with a total mass of .102.5 # 10 M,

The dark matter halo is taken to be a lowered Evans model
(Kuijken & Dubinski 1995) with a total mass of 113.2 # 10

and a tidal radius of 80 kpc. This set of parameters cor-M,

responds to model A of Widrow et al. (2003), and provides a
good match with the observational data for M31. An N-body

realization of this model is done with the GalactICS code writ-
ten by Kuijken & Dubinski (1995). The satellite is assumed to
be a Plummer sphere with initial masses (model A),910 M,

(model B), and (model C). The initial9 105 # 10 M 10 M, ,

scale radius is 1 kpc. Following Fardal et al. (2007), we adopt
an initial position vector and velocity vector for the standard
coordinates centered on M31 of (!34.75, 19.37, !13.99) kpc
and (67.34, !26.12, 13.50) km s , respectively. The evolution!1

of the collisionless system is followed up to 5 Gyr using the
parallel N-body code GADGET-2 (Springel 2005) and AFD
(Mori & Umemura 2006). We adopt a tree algorithm with a
tolerance parameter of and the softening length is 50v p 0.5
pc for all particles. The number of particles is 7,351,266 for
the disk, 2,581,897 for the bulge, and 30,750,488 for the dark
matter halo. For the satellite, we use particles for model510
A, particles for model B, and particles for model5 65 # 10 10
C. The total number of particles is "40 million, and the mass
of a particle is .410 M,

Figure 1 shows the results for the time sequence of stellar
dynamics for Model A. The top panels illustrate the spatial
distribution of stellar density as a function of time from !1 to
!0.25 Gyr (where 0 Gyr is the present day). The bottom panels
describe the future evolution of the system from the present
day to 3 Gyr. In our time frame, !1 Gyr corresponds to the
initial condition and the start of the simulation run. The first
pericentric passage occurred about 0.8 Gyr ago. Figure 1b
shows that the satellite collides almost head-on with the bulge.
Then, the distribution of satellite particles is distorted and is
spread out significantly, as seen in Figure 1c. A large fraction
of the satellite particles acquire a high velocity relative to the
center of M31. This debris expands to great distance, remaining
collimated and giving rise to the southern giant stream. The
apocentric passage occurred #0.7 Gyr ago and the second per-
icentric passage is shown in Figure 1c. As seen in Figure 1d,
stellar particles that initially constituted the satellite start to
form a clear shell structure after the second collision with the
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History + Feedback + Stochasticity  
= Galaxy Formation Davies+ 2020



• Dwarf galaxies: an exciting laboratory where we are trying to make 
predictions for forthcoming surveys (e.g. LSST) 

• Crucial that we take advantage of this moment  
to make some predictions (e.g. low surface brightness dwarfs) 

• “Genetic modification” — alternative versions of galaxies; 
controlled, cosmological numerical experiments

Andrew Pontzen, UCL
gmgalaxies.org


