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ΛCDM	challenges	at	galaxy	scales

Figure 1 – Historical and current tensions between LCDM theory and observations of dwarf galaxies. We classify
these according to the level of tension/challenge they present to the cosmological LC D M scenario, after the critical effects of

baryonic physics have been considered. Left to right moves from ‘no tension’ to ‘strong tension’. The following sections
discuss each of the topics in this chart. We discuss the M⇤-Mhalo relation and the Too-big-to-fail problem in sections with those
respective names. We address the core-cusp problem and the diversity of rotation curves in the section: ‘ Dark matter
distribution within dwarf galaxies’; the diversity of sizes in the section: ‘ Baryonic distribution within dwarf galaxies’; and
satellite planes together with quiescent fractions grouped in the section: ‘Satellite dwarf galaxies’.

A lternately, on just the theoretical side, one can compare the predictions of different simulations regarding the relation
between galaxy stellar mass and dark-matter halo mass in the ultra-faint regime. Indeed, as discussed below, a careful look
into state-of-the-art numerical simulations that predict the correct number of M W-like galaxies and classical dwarf galaxies
suggests that their expected ultra-faint populations may differ, signaling an important theoretical uncertainty that persists. We
thus emphasize that our discussion of this relation between stellar mass and dark-matter halo mass is different from the others
in this review, because our comparison is only between different simulations, not (yet) between simulations and observations.

F ig. 2 shows the relation between stellar mass and dark-matter halo mass, where we collect the present-day relation
predicted from a sample of state-of-the-art cosmological simulations. Halo mass corresponds to the spherical radius within
which the average density is 200 times the critical density, the so-called virial radius. Where a different definition of halo mass
was presented in the published work, we convert those values using average mass-concentration relation from ref.70. On the left
panel, we include zoom-in simulations of M W-like or Local Group-like environments from various works: A POST L E44, 71

from the E A G L E project72, Latte and E LV IS suites45, 65 from the F IR E-2 project73, A uriga74, N IH A O-U H D41, D C Justic
League75; or zooms of relatively large regions, like the Marvel Suite66. In all cases, we show only central (field) galaxies (not
satellites), which are located beyond a M W-mass halo within the zoom-in region and therefore have not been stripped of mass
like satellites have.

The numerical resolution of these simulations varies between a gas particle mass ⇠ 103 M� for the highest resolution case
(Marvel Suite), ⇠ 5 ⇥ 103 M� for A uriga-L3 and F IR E-2, to ⇠ 104 for A POST L E and N IH A O-U H D. The physics modeled
and its particular implementation also vary from code to code, often with differences in predictions far more impacted by these
physics choices than by numerical resolution. A detailed and fair account of the physics included in each simulation is beyond
the scope of this review. But each simulation included in F ig. 2 is a good example of the current state of affairs in galaxy
formation modeling with demonstrated successes in the prediction of M W-like galaxies with realistic sizes, morphologies,
kinematics, metallicities, star-formation rates, among other properties.

There is substantial overlap on the space spanned by different simulations, which is encouraging given the different codes
and hydrodynamical solvers involved. In general, models approximately follow the extrapolations (dotted/dashed lines) from
abundance matching relations76, 77 calculated from more massive galaxies. However, in detail, the slope and the scatter for
the stellar mass - halo mass relation may differ for each simulation. For instance, for a halo mass with M200c ⇠ 3 ⇥ 1010 M�,
simulations predict a dwarf galaxy within a stellar mass range spanning 1 dex, M⇤ = 108-109 M� despite the scatter intrinsic
to each model being quite small for that halo mass. Conversely, for a dwarf galaxy with M⇤ = [0.6,1.2]⇥ 106 M�, the median
halo masses predicted may differ by a factor ⇠ 4 between different models. We caution that a tight relation between halo mass
and stellar mass with small scatter, used for abundance matching of more massive galaxies, might not hold true for dwarf
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Simulations:

Governato	et	al.	2012

5

The	cusp-core	discrepancy
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Different	predictions	for	the	halo	response

-1.5

-2.5

-0.5
NIHAO
FIRE

Auriga
APOSTLE

Bose	et	al.	2019

α

Inner	log	slope

cusps

cores

mailto:jfreundlich@unistra.fr


Jonathan	Freundlich	(jfreundlich@unistra.fr) SF2A	2025 7

The	diversity	of	rotation	curves
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Figure 3 – Diversity of rotation curves, a persistent challenge to LCDM. Observed rotation curves of dwarf galaxies show
a wide range of shapes in the inner regions. Here exemplified, data from three observed dwarfs (symbols with error bars) with
similar outer rotation velocity V ⇠ 80 km s�1, but quite distinct inner behavior: from more steeply raising than N F W (a, U G C
5721), to well described by an N F W profile (b, N G C 1560), to showing a very extended core (c, IC 2574). Error bars account
for statistical and systematic errors. Most baryonic simulations have been unable to recreate consistently the different velocity
curve shapes in the inner regions without resorting to very strong observational biases. Thick solid color lines show the
expectation (medians) from halos in the maximum circular velocity range ⇠ 80-100 km/s in the A POST L E and E A G L E
baryonic simulations with thin lines plus shading indicating 10th-90th percentiles (shading starts after the convergence radius,
the minimum distance where results are presumed reliable). For comparison, black solid line shows a similar exercise using the
dark matter only version. A lthough different codes have reported successes in forming cores in the inner regions (see text for
details), reproducing cores and cusps has remained a challenge for modern galaxy formation simulations. Figure adapted from

ref.
126

.

observations indeed suggest this correlation150. Conversely, extended periods without star formation may lead to re-growth of a
cusp151. However, not all simulations predict such a strong correlation135 or the need for a sustained active star formation to
show cores152.

The size of the dark-matter core in some simulations is linked to the half-mass radius of the stars29, 141, 143, while controlled
experiments suggest instead that the more concentrated the energy deposition of the feedback is, the more extended the
dark-matter core135, 153. With degeneracies in the baryonic modeling of galaxies going hand in hand with structural differences
in the stellar component of the simulated galaxies154–157, the predicted sizes of dark-matter cores remains in debate.

Uncertainties also exist on the minimum galaxy mass needed for core formation. A balance between having enough star
formation to affect the potential while still having a relatively low-mass dark-matter halo makes core formation from stellar
feedback most efficient at masses comparable to the Large Magellanic C loud, with M⇤ ⇠ 109 M� and halo masses ⇠ 1011

M�
138, 139, 141, 142, 144, 158. A nd while for fainter dwarfs this mechanism may lead to smaller and less shallow cores, some

analytical arguments imply no core formation in ultra-faint dwarfs158, which agrees with many cosmological simulations that
show a ‘threshold’ halo mass for core formation29, 140, 159. On the other hand, different simulation codes recently suggest that
ultra-faints should also harbor depleted dark-matter densities152, 160 as a combined result of feedback followed by minor-mergers
heating up the dark-matter component and an increased numerical resolution compared to previous simulations. Cores forming
all the way down to the ultra-faint regime also seems supported by analytical arguments161, highlighting that the minimum
mass for core formation from baryonic feedback remains open to debate and perhaps affected by numerical resolution effects.

With firm evidence from several independent numerical codes and analytical models showing that it is possible to form
cores at the centers of the dark-matter halos of dwarf galaxies from feedback effects, the core-cusp tension with LC D M is, at
this point, only uncertain (as listed in fig. 1) and awaiting larger samples of observed dwarfs with better observations of inner
kinematics. On the theoretical side, a better understanding of the predicted core sizes, correlations with other dwarf properties,
and the existence or not of a threshold mass for core formation is also necessary.

However, a closer look into this core-cusp challenge using a compilation of available rotation curves of dwarf galaxies
revealed a new, but related, and more challenging tension: observed dwarfs of similar masses (M⇤ � 107 M�) show a large
diversity in the inner shapes of their inferred dark-matter profiles: some are cored, some are consistent with N F W and some are
even more concentrated than N F W profiles126, 162 (see F ig.3 for illustration). Moreover, a similar diversity in the dark-matter
density of M W satellites has also been found163, with galaxies like Draco consistent with a steep dark-matter cusp164, 165 that
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Dwarf	galaxies	with	similar	outer	rotation	velocity	but	distinct	inner	behavior:	
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Modeling	core	formation	from	feedback	processes	
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halo

galaxy
✦	Dynamical	friction	(El-Zant+2001,	2004)

✦	Adiabatic	contraction	(Blumenthal+1986)

✦	Repeated	potential	Kluctuations	from	feedback	processes		
	(Pontzen	&	Governato	2012)

Pontzen	&	Governato	2012

How	can	baryons	affect	dark	matter	haloes?
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Model	I:	Core	formation	from	bulk	outKlows
Evolution	of	a	spherical	shell	encompassing	a	collisionless	mass	M	when	a	baryonic	mass	m	is	
removed	(or	added)	instantaneously	at	the	center,	using	an	impulse	approximation.	

Freundlich	et	al.	(2020a)
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Evolution	of	a	spherical	shell	encompassing	a	collisionless	mass	M	when	a	baryonic	mass	m	is	
removed	(or	added)	instantaneously	at	the	center,	using	an	impulse	approximation.	

Freundlich	et	al.	(2020a)

Model	I:	Core	formation	from	bulk	outKlows
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Evolution	of	a	spherical	shell	encompassing	a	collisionless	mass	M	when	a	baryonic	mass	m	is	
removed	(or	added)	instantaneously	at	the	center,	using	an	impulse	approximation.	

Freundlich	et	al.	(2020a)

Given	functional	forms	U(r;p,m)	and	K(r;p,m),	energy	conservation																															during	
relaxation	yields	the	binal	state	(CuspCore	I)

Ef(rf ) = Et(ri)

Model	I:	Core	formation	from	bulk	outKlows
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Along	the	way:	a	new	dark	matter	halo	parameterization
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Shortcomings
4.2 tests : influence des différents paramètres 18

• 75% baryonic mass removal :

FIGURE 27: Dark matter density profile obtained thanks to our simulation in the case of a removal of 75% of the baryonic matter
(h = 0.75). The blue curve represents the density profile obtained thanks to our simulation for t = 0 Gyr, when the baryonic matter
is removed (so the halo has not yet started to relax), the red curve represents the same thing for t = 3 Gyr after the removal of the
baryonic mass. The dashed curves are data fits with a Dekel-Zhao profile. The dotted curve represents the initial theoretical density
profile (at t=0 Gyr) and the black solid curve is the theoretical model prediction.

• 50% baryonic mass removal :

FIGURE 28: Dark matter density profile obtained thanks to our simulation in the case of a removal of 50% of the baryonic matter
(h = 0.5). The blue curve represents the density profile obtained thanks to our simulation for t = 0 Gyr, when the baryonic matter
is removed (so the halo has not yet started to relax), the red curve represents the same thing for t = 3 Gyr after the removal of the
baryonic mass. The dashed curves are data fits with a Dekel-Zhao profile. The dotted curve represents the initial theoretical density
profile (at t=0 Gyr) and the black solid curve is the theoretical model prediction.

The	model	is	extremely	successful	in	certain	cases…	

δ

12 Chapitre 2. Validité du modèle

FIGURE 2.2: Capacité du modèle à décrire les simulations en fonction du rapport entre masse baryonique et masse de viriel.

FIGURE 2.3: Capacité du modèle à décrire les simulations en fonction du rapport entre masse baryonique et masse de viriel.

…	but	fails	when	too	much	mass	is	removed	

η = ΔMbar /Mbar

difference	between	outcome	and	prediction		

success

failure

Ideal spherical simulation 
- live dark matter halo  
- varying baryonic potential  
- N-body, 10 pc softening length

M2	internship	of	Thibaut	François	
co-supervised	with	Benoit	Famaey

model prediction 

simulation
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Shortcomings

✦ Energy	diffusion:	particles	on	the	same	orbit	experience	different	
energy	gains	depending	on	their	orbital	phase	

✦ Violent	relaxation	followed	by	phase	mixing	

Li	et	al.	2022	(incl.	Freundlich)	
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Li	et	al.	2022	(incl.	Freundlich)	

Model	I,	version	2:	iteratively	updating	the	distribution	function
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Li	et	al.	2022	(incl.	Freundlich)	

Model	I,	version	2:	numerical	tests

CuspCore II 19

Figure A1. Model prediction (dashed lines) for the relaxed DM profiles in comparison with simulations (solid lines), including different initial conditions
(columns) and and fractional gas mass changes ! (colors, see the legend). The figure is similar to Fig. 9, but showing more methods against more simulations.
The models include: Method I (energy diffusion, Section 4.1), Method II (adiabatic invariants, Section 4.2), Method III (empirical power-law relation, Section 4.3),
three variant of Method IV [(a)–(c), energy conservation of Eulerian shells, Section 4.4], and the Gnedin et al. (2004) model (Appendix G) We only show the
simulations B1 and A1–A3, because all the methods, except for Method IV (a) and (c), work fairly well for Run B2 and B3 where the gas change is weak.
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Version	1

Version	2

η = ΔM/M

Gas:	concentrated diffuse lower	concentrated	
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Model	II:	core	formation	from	stochastic	density	Kluctuations
✦ 	Effects	of	radiation,	stellar	winds	and	supernovae	on	the	interstellar	medium	(e.g.,	SILCC	Peters+17)	

ρ

density fluctuations 

radius

time

density

radius

✦ 	Stochastic	gas	density	Kluctuations	in	an	unperturbed	homogeneous	medium	

—		Density	contrast	
	

—		Each	mode	induces	a	‘kick’	
	
	
—	 Which	 cumulatively	 induces	 the	
dark	matter	particles	to	deviate	from	
their	trajectories	by	
	

δ(r) =
V

(2π)3 ∫ δk eik.r d3k

Fk = 4πi Gρ0 k k−2 δk

⟨Δv2⟩ = 2∫
T

0
(T − t)⟨F(0)F(t)⟩ dt

El-Zant,	Freundlich	&	Combes	2016,	Hashim,	El-Zant,	Freundlich	et	al.	2023	
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Some	implications
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The	same	process	at	stake	in	ultra-diffuse	galaxies?

✦	Failed	MW-like	galaxies	(Van	Dokkum+2015)	

✦	High-spin	tail	(Amorisco	&	Loeb	2016)	

✦	Tidal	debris	(Greco+2017)	

✦	Stellar	feedback	outKlows	(Di	Cintio+2017)

Possible	formation	scenarii:

✦	Stellar	masses	of	dwarf	galaxies
7 < log(Mstar /M⊙) < 9

Van	Dokkum	et	al.	

1 < reff /kpc < 5
✦	Effective	radii	of	MW-sized	objects

	OutKlows	resulting	from	a	bursty	SF	history	expand	both	the	stellar	and	the	DM	distributions

DM

Di	Cintio	et	al.	2017
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A	dwarf	galaxy	diversity	problem	in	simulations
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Jiang,	Dekel,	Freundlich	et	al.	2019
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Towards	observational	tests?

ρ

Consequences	of	such	models:	
		—	UDGs	should	have	cored	dark	matter	density	probiles	
		—	Inner	slope	s1	should	be	related	to	the	burstiness		
							of	the	SFR	history		
																																																																					

B(τ) =
σSFR/μSFR − 1
σSFR/μSFR + 1

s1s1

preliminary

Jiang,	Dekel,	Freundlich	et	al.	2019,	He,	Jiang	et	al.	in	prep.
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Ciocan, B. I. et al.: Dark matter halo properties of z ⇠ 0.85 SFGs

Fig. 19: Left: Kinematically inferred stellar masses a function of the o↵set from the SFMS (�MS) from Boogaard et al. (2018).
The data points are color coded according to the dark matter inner slope, �, for the DC14 profile. Right: DM density at 150 pc
as a function of log(M?/Mvir). The data points are colour-coded according to their specific star formation rates (sSFR = SFR

M?
). In

both plots, the circles show the regular MHUDF galaxies, while the stars depict the systems from our sample, which show signs of
gravitational interactions. The error bars represent the 95% confidence intervals.

Fig. 20: DM inner slopes, � as a function of the stellar masses.
The red data points show the MHUDF sample. The red error
bars show the 95% confidence intervals. The black data points
show the TNG50 (Nelson et al. 2019; Pillepich et al. 2019) z ⇠ 1
SFGs, while the grey diamonds show the SPARC z=0 galaxies
(Li et al. 2020)

(e.g. Courteau & Dutton 2015), and follows from the TFR
(Fig 13).

- 70% of the SFGs favour cored DM density profiles, with �<
0.5, in line with with z = 0 studies probing the same M?

range (Katz et al. 2017, Allaert et al. 2017). However, no
correlation between core/cusp formation and the SF activity
of the sample can be observed (Fig. 19).

- The stellar mass–halo mass relation of the sample follows
the Behroozi et al. (2019) and Girelli et al. (2020) relations,
but with a larger scatter (Fig. 15).

- The concentration–halo mass relation agrees qualitatively
with the Dutton & Macció (2014) relation inferred from
DM-only simulations, but with a larger scatter (Fig. 16 -left-
hand side). The sample follows a tighter sequence in the halo
mass–halo scaling radius relation, in accordance with simu-
lations (Dutton & Macció 2014) and observations (Di Paolo

et al. 2019), but with a slight o↵set towards larger rs values
at fixed halo mass (Fig. 16 -right-hand side).

- We observe an anti-correlation between halo scale radius and
DM density (Fig. 17). The MHUDF galaxies are o↵set above
the z = 0 relations from Kormendy & Freeman (2016) and
Di Paolo et al. (2019), suggestive of evolution in ⇢s with red-
shift.

- The halo scale radius and the DM surface density increase
with M?, while the DM density remains relatively constant
across the mass range explored (Fig. 18).

- The DM densities of z ⇠ 0.85 SFGs are on average ⇠ 0.3 dex
higher than those of z=0 galaxies, while the halo scale radii
are consistent with those of local galaxies (Fig. 18).

Taken together, these findings provide support for the presence
of cored DM distributions in a significant fraction of the sample,
and o↵er empirical constraints on several DM halo scaling rela-
tions across a redshift and mass regime that remains relatively
under-explored. This study also highlights the power of utilising
3D disk-halo decomposition on deep IFU data. In future studies,
we will expand this analysis to larger samples and explore al-
ternative DM models, including self-interacting DM (Spergel &
Steinhardt 2000) and fuzzy DM (Hu et al. 2000).
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Where	do	observations	lie?

Ciocan,	Bouché	et	al.,	submitted
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Fig. 6: Example of morpho-kinematic maps for three galaxies covering the range of S/N, ID 26, 6877, 958. For each galaxy, the
11 panels show (a) the HST F160W image, (b) the emission-line flux map, with the S/N contours overlaid, (c+d) the observed
velocity maps in [km/s] with the CAMEL (Epinat et al. 2012) and with GalPaK3D (URC), with the gray line showing the major-axis
(e) the observed velocity profile v?(r) sin(i)obs extracted along the major-axis, (f) the position-velocity diagram extracted along the
major-axis, (g) the intrinsic velocity profile v?(r), i.e. corrected for inclination and instrumental e↵ects, (h+i) the observed velocity
dispersion maps in [km/s], (j) the intrinsic velocity dispersion profile in [km/s], and (k) the residuals map derived by computing the
standard deviation along the wavelength axis of the normalized residual cube (see Bouché et al. 2022). The vertical black dashed
line represents the radius at which the S/N' 1, whereas the vertical dotted orange line represents 2Re.
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l. 2020b
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Perspectives	with	SKA
➡ Testing	the	different	core	formation	models,	e.g.	focussing	on	UDGs	and	their	HI	gas	

➡ Observational	 constraints	on	dark	matter	haloes	across	cosmic	 time	 through	HI	
rotation	curves	(in	fact	probably	only	until	z~1)		

24

Annonce	:	

Grande	conférence	nationale	SKA	pilotée	par	la	CSAA		
à	l'intention	de	l'ensemble	de	la	communauté	INSU	

en	mai	2026	à	Paris

➡ Indirectly	constraining	feedback	processes	through	the	diversity	of	halo	shapes
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Alternatives	to	cold	dark	matter
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Interferences,	granules,	core

Schive	et	al.	(2014)

Schrödinger	and	Poisson	equations:

A non-standard dark matter candidate: fuzzy dark matter (FDM)
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excluded?

Expansion	of	the	cluster	for	different	FDM	masses

observed	cluster	size

Constraining fuzzy dark matter: dynamical heating

El-Zant,	 Freundlich,	Combes	&	Hallé	 (2020):	Adapting	 the	
formalism	of	El-Zant,	Freundlich	&	Combes	(2016),	we	derive	
the	effect	FDM	halo	bluctuations	on	test	particles.	

Marsh	 &	 Niemeyer	 2019:	 Fuzzy	 dark	 matter	 (FDM)	 halo	
density	bluctuations	should	heat	up	stellar	structures,	such	as	
the	old	stellar	cluster	at	the	center	of	Eridanus	II	dwarf	galaxy

➡FDM	 particle	 mass	 m>2x10-22	 eV	 from	 the	 local	 velocity	
dispersion	in	the	Milky	Way

➡Stronger	constraints	can	in	principle	be	obtained,	but	some	
caveats.

density fluctuations 

radius

time
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Galactic discs in FDM haloes 7

Figure 7. Face-on and edge-on views of stellar discs at three di↵erent times for a simulation with no FDM (first row, noted CDM), and
simulations with di↵erent axion masses: 4.10�22 eV (second row), 1.10�22 eV (third row) and 1/4.10�22 eV (last row). The stellar disc
at t = 0 was shown on Fig. 3. Bug-corrected.

MNRAS 000, 1–5 (2018)

Galactic discs in FDM haloes 7

Figure 7. Face-on and edge-on views of stellar discs at three di↵erent times for a simulation with no FDM (first row, noted CDM), and
simulations with di↵erent axion masses: 4.10�22 eV (second row), 1.10�22 eV (third row) and 1/4.10�22 eV (last row). The stellar disc
at t = 0 was shown on Fig. 3. Bug-corrected.

MNRAS 000, 1–5 (2018)

Effect of FDM fluctuations on galactic disks

Halle,	El-Zant,	Freundlich	&	Combes	in	prep.	

Isolated disk + halo simulation 
- Gadget-2 N-body code 
- 80 pc softening length 
- Additional force from FDM fluctuations  

(from El-Zant, Freundlich, et al. 2020)
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ΛCDM	challenges	at	galaxy	scales

Figure 1 – Historical and current tensions between LCDM theory and observations of dwarf galaxies. We classify
these according to the level of tension/challenge they present to the cosmological LC D M scenario, after the critical effects of

baryonic physics have been considered. Left to right moves from ‘no tension’ to ‘strong tension’. The following sections
discuss each of the topics in this chart. We discuss the M⇤-Mhalo relation and the Too-big-to-fail problem in sections with those
respective names. We address the core-cusp problem and the diversity of rotation curves in the section: ‘ Dark matter
distribution within dwarf galaxies’; the diversity of sizes in the section: ‘ Baryonic distribution within dwarf galaxies’; and
satellite planes together with quiescent fractions grouped in the section: ‘Satellite dwarf galaxies’.

A lternately, on just the theoretical side, one can compare the predictions of different simulations regarding the relation
between galaxy stellar mass and dark-matter halo mass in the ultra-faint regime. Indeed, as discussed below, a careful look
into state-of-the-art numerical simulations that predict the correct number of M W-like galaxies and classical dwarf galaxies
suggests that their expected ultra-faint populations may differ, signaling an important theoretical uncertainty that persists. We
thus emphasize that our discussion of this relation between stellar mass and dark-matter halo mass is different from the others
in this review, because our comparison is only between different simulations, not (yet) between simulations and observations.

F ig. 2 shows the relation between stellar mass and dark-matter halo mass, where we collect the present-day relation
predicted from a sample of state-of-the-art cosmological simulations. Halo mass corresponds to the spherical radius within
which the average density is 200 times the critical density, the so-called virial radius. Where a different definition of halo mass
was presented in the published work, we convert those values using average mass-concentration relation from ref.70. On the left
panel, we include zoom-in simulations of M W-like or Local Group-like environments from various works: A POST L E44, 71

from the E A G L E project72, Latte and E LV IS suites45, 65 from the F IR E-2 project73, A uriga74, N IH A O-U H D41, D C Justic
League75; or zooms of relatively large regions, like the Marvel Suite66. In all cases, we show only central (field) galaxies (not
satellites), which are located beyond a M W-mass halo within the zoom-in region and therefore have not been stripped of mass
like satellites have.

The numerical resolution of these simulations varies between a gas particle mass ⇠ 103 M� for the highest resolution case
(Marvel Suite), ⇠ 5 ⇥ 103 M� for A uriga-L3 and F IR E-2, to ⇠ 104 for A POST L E and N IH A O-U H D. The physics modeled
and its particular implementation also vary from code to code, often with differences in predictions far more impacted by these
physics choices than by numerical resolution. A detailed and fair account of the physics included in each simulation is beyond
the scope of this review. But each simulation included in F ig. 2 is a good example of the current state of affairs in galaxy
formation modeling with demonstrated successes in the prediction of M W-like galaxies with realistic sizes, morphologies,
kinematics, metallicities, star-formation rates, among other properties.

There is substantial overlap on the space spanned by different simulations, which is encouraging given the different codes
and hydrodynamical solvers involved. In general, models approximately follow the extrapolations (dotted/dashed lines) from
abundance matching relations76, 77 calculated from more massive galaxies. However, in detail, the slope and the scatter for
the stellar mass - halo mass relation may differ for each simulation. For instance, for a halo mass with M200c ⇠ 3 ⇥ 1010 M�,
simulations predict a dwarf galaxy within a stellar mass range spanning 1 dex, M⇤ = 108-109 M� despite the scatter intrinsic
to each model being quite small for that halo mass. Conversely, for a dwarf galaxy with M⇤ = [0.6,1.2]⇥ 106 M�, the median
halo masses predicted may differ by a factor ⇠ 4 between different models. We caution that a tight relation between halo mass
and stellar mass with small scatter, used for abundance matching of more massive galaxies, might not hold true for dwarf
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Sales,	Wetzel	&	Fattahi	(2022)

Correlations between 
dynamics and baryons 

(baryonic Tully Fisher, radial 
acceleration relation, 

"Renzo’s rule") 

Bar, gas, and disk fractions in 
cosmological simulations
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The radial acceleration relation (RAR)

McGaugh	2016 gobs from the observed velocity
gbar from the baryonic mass distribution

gobs =
gbar

1 − e− gbar /a0

a0 = 1.2 × 10−10 m s−2

∙ Particularly small scatter
∙ The dark matter distribution seems to be fully specified by the baryons
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Modified Newtonian Dynamics (MOND)

{
g = gN when g ≫ a0

g = gNa0 when g ≪ a0

Milgrom	(1983):	

a0 ≈ 10−10 m s−2

➡	The	weak	acceleration	regime	lead	to	the	baryonic	Tully	Fisher	relation:	
V2

r
=

GM
r2

a0

➡	The	RAR	is	a	consequence	of	the	modibied	gravity

➡	Predicts	the	rotation	curve	of	a	wide	variety	of	galaxies

G. Gentile et al.: THINGS about MOND

Fig. 5. Rotation curve fits with the distance “constrained” and a0 = 1.22 × 10−8 (µ simple d constr. in Table 2). Dashed, dotted, and long-dashed
lines represent the Newtonian contributions of the gaseous disk, stellar disk, and bulge, respectively. The MOND best-fit model is shown as a solid
red line.

finally consider the possibility that the true value of a0 for
all galaxies is actually at the lower end of our best-fit inter-
val of Sect. 4.1, i.e. a value compatible with the one deter-
mined by Bottema et al. (2002). As a matter of fact, a good rea-
son for this is that the Ursa Major (UMa) galaxy group (e.g.,
Sanders & Verheijen 1998; Gentile 2008) is nowadays thought
to be at a distance of 18.6 Mpc (Tully & Pierce 2000), imply-
ing a best-fit value of a0 close to the one of Bottema et al.
(2002), see e.g. Gentile et al. (2008). To get fits to the rota-
tion curves of UMa galaxies that are as good as those obtained
with a0 = 0.9 × 10−8 cm s−2 with a higher value of the order
of a0 = 1.2 × 10−8 cm s−2, the distance of the group should
be smaller, of the order of 15 Mpc (as originally assumed by
Sanders & Verheijen 1998). For this reason, we plot in Fig. 6
the fits of the 12 rotation curves using a0 = 0.9 × 10−8 cm s−2

(and still the simple µ-function and the distance constrained to
lie within the error bars of Table 1). As can be seen, the fits

still have approximately the same quality, apart from 3 galaxies:
NGC 2841 and NGC 2403 have worse fits2, but the quality of
the fit of NGC 3198 improves.

4.4. NGC 3198

An excellent fit can be found with a0 = 1.2 × 10−8 cm s−2 by
leaving the distance unconstrained. As already noted in previ-
ous studies (e.g. Bottema et al. 2002), MOND prefers a smaller

2 In this case the less well fitted galaxy would be NGC 2403. Possible
effects could be that the r, J, H and K photometric profiles have a dif-
ferent shape from the 3.6 µm band (see Kent 1987; Fraternali et al.
2002; de Blok et al. 2008). In addition, Fig. 7 of de Blok et al. (2008)
shows that the outer parts of the rotation curve are quite uncertain. In
that paper, the stellar component is also modelled with two separate
components. Using two different disks for the stellar contribution does
not change the results significantly.

Page 7 of 11

Gentille	et	al.	(2011)

➡ But	 External	 Field	 Effect	 (EFE):	 internal	 dynamics	 of	 a	 self-
gravitating	system	in	a	constant	external	bield	depend	on	the	external	
5ield	(violation	of	the	strong	equivalence	principle)

x̂

ŷ

̂z
̂r

̂θ

ϕ̂

θ gN

gNe

Consequence:	 galaxies	 in	 clusters	 should	 have	 lower	 velocity	
dispersion	than	in	isolation	
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Coma	cluster	UDGs	
with	stellar	velocity	dispersion	measurements		

DF44

DFX1
Van Dokkum et al. (2016, 2017, 2019)

Chilingarian et al. (2019)

Saifollahi+22

Saifollahi+22

J125848.94+281037.1 

J125904.06+281422.4 

J125904.20+281507.7 

J125929.89+274303.0 

J125937.23+274815.2 

J130026.26+272735.2 

J130005.40+275333.0 J130028.34+274820.5 J130038.63+272835.3 

Saifollahi+22
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RAR	in	tension	with	MOND	expectations	with	EFE

gobs =
9
4

σ2
eff

Re

gbar =
GM(r1/2)

r2
1/2

r1/2 ≈ (4/3)Re
M(r) deprojected Sersic

Freundlich,	Famaey	et	al.	2022

(Lima Neto et al . 1999)

(cf . Wolf et al . 2010)

Figure 4.2: Radial acceleration relation (RAR) for the sample of UDGs (magenta points)
studied by Freundlich, Famaey, et al. (2022), in comparison with the RAR of galaxies in
SPARC data sample (Lelli, S. S. McGaugh, Schombert, and Pawlowski, 2017). It is evident
that UDGs obey the isolated RAR, inspite of their projected distance from cluster center.
The green points indicate the theoretically expected RAR for the same observed UDGs, after
accounting for the EFE from the cluster their most probable distance dmean, which is inferred
from the Einasto distribution of Coma cluster(see Sec. 4.1 of Freundlich, Famaey, et al., 2022))
Figure reproduced from Freundlich, Famaey, et al. (2022).

Figure 4.3: Observed ‡los profile of UDG DF44 (gray error bars and/or shaded region) as
function of its radius. The dotted lines show Newtonian predicted ‡los without dark matter in
both cases. Left: The solid lines show the MOND predicted ‡los for DF44 in isolation. The
black, magenta, and blue colors correspond to anisotropy parameters (— = 0, +0.5, ≠0.5) used
in Jeans modelling. Right: This dashed lines show the MOND predicted ‡los for the same UDG
after including the EFE from the cluster at di�erent distances. Black and red colors correspond
to — = 0, 0.5.

56

Expectations with cluster EFE
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UDGs	tidally	heated	or	on	their	Kirst	infall	(survivor	bias)?

Tidal	susceptibility

UDGs	could	be	tidally	disrupted	or	tidally	heated	(elongated	morphologies,	tidal	susceptibility)

✦ Recent	infall	onto	the	cluster	possible	but	constrained

✦ Tides	not	sufbicient	to	increase	the	velocity	dispersion	
Nagesh,	Freundlich,	Famaey	et	al.	2024:

S.T. Nagesh, J. Freundlich, B. Famaey et. al.: Simulations of cluster ultra-di↵use galaxies in MOND

Fig. 3. Projected surface density maps of simulated UDGs. Left: UDG launched from R = 1 Mpc with an eccentricity e = 0 after 0.1 Gyr. Middle:
Same UDG after 5 Gyr, with tidal tails. Right: UDG launched from R = 1.4 Mpc with e = 0.99 after 3.1 Gyr. In all panels, the blue contour
corresponds to a surface brightness threshold of 29.5 mag arcsec�2.

0.0 0.5 1.0 1.5 2.0 2.5 3.0
r [kpc]

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

�
lo

s
[k

m
/s

]

R = 1 Mpc, e = 0R = 1 Mpc, e = 0R = 1 Mpc, e = 0R = 1 Mpc, e = 0R = 1 Mpc, e = 0R = 1 Mpc, e = 0

0.1 Gyr

1.0 Gyr

2.0 Gyr

3.0 Gyr

4.0 Gyr

5.0 Gyr

0.0 0.5 1.0 1.5 2.0 2.5 3.0
r [kpc]

4

5

6

7

8

�
lo

s
[k

m
/s

]

R = 1.4 Mpc, e = 0.99R = 1.4 Mpc, e = 0.99R = 1.4 Mpc, e = 0.99R = 1.4 Mpc, e = 0.99R = 1.4 Mpc, e = 0.99R = 1.4 Mpc, e = 0.99

0.1 Gyr

1.0 Gyr

2.0 Gyr

3.0 Gyr

4.0 Gyr

5.0 Gyr

Fig. 4. Evolution of the los velocity dispersion (�los) of the two simulated UDGs shown in Fig. 3. Left: UDG launched from R = 1 Mpc on a
circular orbit with an eccentricity e = 0. Right: UDG launched from R = 1.4 Mpc on a radial orbit with e = 0.99.

respect to the equilibrium prediction within the external field of
the cluster, �EFE , the ratio �los/�EFE is plotted in Fig. 6. In all
cases, the latter ratio in the the inner parts of the UDG remains
close to 1, especially for low-eccentricity orbits (this also jus-
tifies a posteriori our chosen analytical prescription for the in-
ternal gravitational field in the presence of an EFE), confirming
that the inner part of the UDG is in equilibrium within the EFE,
while the outer parts are not, due to tides, although not enough
compared to observations.

3.2. First infall onto the cluster?

Our second set of simulations of UDGs launched from 10 to 14
Mpc on radial orbits is meant to test whether UDGs on their first
infall may not have time to equilibrate themselves with the EFE
and could thus retain the velocity dispersion they had in isola-
tion. As can be seen in Fig. 1, the velocity dispersion in equi-
librium at 10 Mpc is indeed close to that expected in isolation,
reaching 90% of the isolated MOND velocity dispersion in the
central parts. Since it takes ⇠ 6 Gyr for a UDG to fall towards the

central 3 Mpc, we estimate that ⇠ 166 UDGs have to be accreted
per Gyr to reach the number of observed UDG candidates in the
Coma cluster (⇠ 103 Bautista et al. 2023; Zaritsky et al. 2019;
Yagi et al. 2016; Koda et al. 2015). Fig. 7 shows the evolution
of one such UDG, while Fig. 8 shows the ratio of �los/�iso and
�los/�EFE at di↵erent times for a UDG launched from 10 Mpc on
a radial orbit with an eccentricity e = 0.99. It shows that from
launch to pericenter the velocity dispersion decreases, especially
towards the outskirts, but not su�ciently to equilibrate with the
EFE : close to pericenter, the velocity dispersion reaches more
than 4 times its equilibrium value under the EFE. After peri-
center the UDG undergoes tidal heating with an increase of the
velocity dispersion, especially at its center, and it starts to equi-
librate with the EFE in the outskirts. We note that this central
increase of the velocity dispersion may be precisely in line with
some of the velocity dispersion profiles of Coma cluster UDGs
reported by Chilingarian et al. (2019, cf. also Freundlich et al.
2022, Fig. 4). Consequently, UDGs on their first infall could re-
tain the relatively high velocity dispersion they had in isolation,
but they equilibrate with the EFE after pericenter passage.

Article number, page 5 of 10

UDG N-body simulations 
- Phantom of RAMSES (QUMOND, Lüghausen et al. 2015, Nagesh et al. 2021)  
- Analytic cluster potential 
- Resolution 600 Msun, 105 particles per UDG
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Possible	explanations

	↳The	tension	with	the	EFE	in	clusters	could	guide	further	theoretical	development

➡Recent	infall	(survivor	bias)
➡Tidal	interactions
➡Higher	M/L	ratios	
➡ Cluster	baryonic	dark	matter but	why	does	isolated	MOND	work	so	well?	

➡EMOND	A0(ϕ)	

➡ Screening	the	EFE	in	clusters	in	theories	with	additional	degrees	of	freedom?

➡MOND	as	a	dark	matter	scaling	relation
➡Modibied	inertia
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Conclusion
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Conclusion

- A	new	mass-dependent	dark	matter	halo	proKile	
- Three	core	formation	models:	 from	stochastic	density	bluctuations,	 from	
bulk	outblows,	from	dynamical	friction	+	outblows

Modeling	core	formation	from	feedback	processes

Perspectives:		
➡Testing	the	different	models	in	simulations	and	observations	(e.g.	UDGs)		
➡Observational	constraints	on	dark	matter	haloes	across	cosmic	time	
➡ Constraining	feedback	processes	through	the	diversity	of	halo	shapes

A&A proofs: manuscript no. paper_v2_A&A_ref1

Fig. 6: Example of morpho-kinematic maps for three galaxies covering the range of S/N, ID 26, 6877, 958. For each galaxy, the
11 panels show (a) the HST F160W image, (b) the emission-line flux map, with the S/N contours overlaid, (c+d) the observed
velocity maps in [km/s] with the CAMEL (Epinat et al. 2012) and with GalPaK3D (URC), with the gray line showing the major-axis
(e) the observed velocity profile v?(r) sin(i)obs extracted along the major-axis, (f) the position-velocity diagram extracted along the
major-axis, (g) the intrinsic velocity profile v?(r), i.e. corrected for inclination and instrumental e↵ects, (h+i) the observed velocity
dispersion maps in [km/s], (j) the intrinsic velocity dispersion profile in [km/s], and (k) the residuals map derived by computing the
standard deviation along the wavelength axis of the normalized residual cube (see Bouché et al. 2022). The vertical black dashed
line represents the radius at which the S/N' 1, whereas the vertical dotted orange line represents 2Re.
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Satellite galaxies in WDM 2321

Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates the line-of-sight projected square of the density and hue the
projected density-weighted velocity dispersion, ranging from blue (low velocity dispersion) to yellow (high velocity dispersion). Each box is 1.5 Mpc on a
side. Note the sharp caustics visible at large radii in the WDM image, several of which are also present, although less well defined, in the CDM case.

the mass they have at the time when they first infall into the main
halo (which is very close to the maximum mass they ever attain).
At this epoch it is relatively easy to match the largest substructures
in these three simulations as the corresponding objects have very
similar positions, velocities and masses.

The number of subhaloes that can be matched between the two
WDM simulations is much smaller than that between the corre-
sponding CDM simulations, and is also a much smaller fraction of
the total number of subhaloes identified by SUBFIND. The majority
of substructures identified in the WDM simulations form through
fragmentation of the sharply delineated filaments characteristic of
WDM simulations and do not have counterparts in the simulations
of different resolution. The same phenomenon is seen in hot dark
matter simulations and is numerical in origin, occurring along the
filaments on a scale matching the interparticle separation (Wang &
White 2007). This artificial fragmentation is apparent in Fig. 3.

We will present a detailed description of subhalo matching in
a subsequent paper but, in essence, we have found that matching
subhaloes works best when comparing the Lagrangian regions of
the initial conditions from which the subhaloes form, rather than
the subhaloes themselves. We use a sample of the particles present
in a subhalo at the epoch when it had half of the mass at infall to de-
fine the Lagrangian region from which it formed. We have devised
a quantitative measure of how well the Lagrangian regions of the
substructures overlap between the simulations of different resolu-
tion, and select as genuine only those subhaloes with strong matches
between all three resolutions. We find that these criteria identify a
sample of 15 relatively massive subhaloes with mass at infall greater
than 2 × 109 M", together with a few more subhaloes with infall
mass below 109 M". This sample of 15 subhaloes includes all of
the subhaloes with infall masses greater 109 M".

We have also found that the shapes of the Lagrangian regions
of spurious haloes in our WDM simulations are typically very as-
pherical. We have therefore devised a second measure based on

sphericity as an independent way to reject spurious haloes. All 15
of the massive subhaloes identified by the first criterion pass our
shape test, but all but one subhalo with an infall mass below 109 M"
are excluded. For the purposes of this paper we need only the 12
most massive subhaloes at infall to make comparisons with the
Milky Way satellites.

For both our WDM and CDM catalogues, we select a sample
made up of the 12 most massive subhaloes at infall found today
within 300 kpc of the main halo centre. In the Aq-AW2 simulation,
these subhaloes are resolved with between about 2 and 0.23 million
particles at their maximum mass. We use the particle nearest the
centre of the gravitational potential to define the centre of each
subhalo and hence determine the values of Vmax and rmax defined in
Section 1.

3 R ESULTS

In this section, we study the central masses of the substructures
found within 300 kpc of the centres of the CDM and WDM Milky
Way like haloes. These results are compared with the masses within
the half-light radii, inferred by Walker et al. (2009, 2010) and Wolf
et al. (2010) from kinematic measurements, for the nine bright (LV >

105 L") Milky Way dwarf spheroidal galaxies.
Following the study by Boylan-Kolchin et al. (2011), in Fig. 4

we plot the correlation between Vmax and rmax for the subhaloes
in Aq-AW2 and Aq-A2 that lie within 300 kpc of the centre of
the main halo. Only those WDM subhaloes selected using our
matching scheme are included, whereas all Aq-A2 subhaloes are
shown. The CDM subhaloes are a subset of those shown in fig. 2 of
Boylan-Kolchin et al. (2011), and show Vmax values that are typi-
cally ∼50 per cent larger than those of WDM haloes with a similar
rmax. By assuming that the mass density in the subhaloes containing
the observed dwarf spheroidals follows an NFW profile (Navarro,
Frenk & White 1996b, 1997), Boylan-Kolchin et al. (2011) found
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- Describing	 the	 effect	 of	 fuzzy	 dark	 matter	 halo	 Kluctuations	 on	 test	
particles	
- Testing	MOND	and	the	external	Kield	effect	in	cluster	UDGs

Alternatives	to	cold	dark	matter

Perspectives:		
➡Testing	fuzzy	dark	matter	(e.g.	stellar	streams,	Milky	Way	disk)		
➡More	constraints	on	MOND	at	galaxy	scales	(Milky	Way	substructures	
and	satellites,	other	cluster	UDGs,	rotation	curves)		

➡Other	cosmologies?	
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- A	new	mass-dependent	dark	matter	halo	proKile	
- Three	core	formation	models:	 from	stochastic	density	bluctuations,	 from	
bulk	outblows,	from	dynamical	friction	+	outblows
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Perspectives:		
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Fig. 6: Example of morpho-kinematic maps for three galaxies covering the range of S/N, ID 26, 6877, 958. For each galaxy, the
11 panels show (a) the HST F160W image, (b) the emission-line flux map, with the S/N contours overlaid, (c+d) the observed
velocity maps in [km/s] with the CAMEL (Epinat et al. 2012) and with GalPaK3D (URC), with the gray line showing the major-axis
(e) the observed velocity profile v?(r) sin(i)obs extracted along the major-axis, (f) the position-velocity diagram extracted along the
major-axis, (g) the intrinsic velocity profile v?(r), i.e. corrected for inclination and instrumental e↵ects, (h+i) the observed velocity
dispersion maps in [km/s], (j) the intrinsic velocity dispersion profile in [km/s], and (k) the residuals map derived by computing the
standard deviation along the wavelength axis of the normalized residual cube (see Bouché et al. 2022). The vertical black dashed
line represents the radius at which the S/N' 1, whereas the vertical dotted orange line represents 2Re.
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Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates the line-of-sight projected square of the density and hue the
projected density-weighted velocity dispersion, ranging from blue (low velocity dispersion) to yellow (high velocity dispersion). Each box is 1.5 Mpc on a
side. Note the sharp caustics visible at large radii in the WDM image, several of which are also present, although less well defined, in the CDM case.

the mass they have at the time when they first infall into the main
halo (which is very close to the maximum mass they ever attain).
At this epoch it is relatively easy to match the largest substructures
in these three simulations as the corresponding objects have very
similar positions, velocities and masses.

The number of subhaloes that can be matched between the two
WDM simulations is much smaller than that between the corre-
sponding CDM simulations, and is also a much smaller fraction of
the total number of subhaloes identified by SUBFIND. The majority
of substructures identified in the WDM simulations form through
fragmentation of the sharply delineated filaments characteristic of
WDM simulations and do not have counterparts in the simulations
of different resolution. The same phenomenon is seen in hot dark
matter simulations and is numerical in origin, occurring along the
filaments on a scale matching the interparticle separation (Wang &
White 2007). This artificial fragmentation is apparent in Fig. 3.

We will present a detailed description of subhalo matching in
a subsequent paper but, in essence, we have found that matching
subhaloes works best when comparing the Lagrangian regions of
the initial conditions from which the subhaloes form, rather than
the subhaloes themselves. We use a sample of the particles present
in a subhalo at the epoch when it had half of the mass at infall to de-
fine the Lagrangian region from which it formed. We have devised
a quantitative measure of how well the Lagrangian regions of the
substructures overlap between the simulations of different resolu-
tion, and select as genuine only those subhaloes with strong matches
between all three resolutions. We find that these criteria identify a
sample of 15 relatively massive subhaloes with mass at infall greater
than 2 × 109 M", together with a few more subhaloes with infall
mass below 109 M". This sample of 15 subhaloes includes all of
the subhaloes with infall masses greater 109 M".

We have also found that the shapes of the Lagrangian regions
of spurious haloes in our WDM simulations are typically very as-
pherical. We have therefore devised a second measure based on

sphericity as an independent way to reject spurious haloes. All 15
of the massive subhaloes identified by the first criterion pass our
shape test, but all but one subhalo with an infall mass below 109 M"
are excluded. For the purposes of this paper we need only the 12
most massive subhaloes at infall to make comparisons with the
Milky Way satellites.

For both our WDM and CDM catalogues, we select a sample
made up of the 12 most massive subhaloes at infall found today
within 300 kpc of the main halo centre. In the Aq-AW2 simulation,
these subhaloes are resolved with between about 2 and 0.23 million
particles at their maximum mass. We use the particle nearest the
centre of the gravitational potential to define the centre of each
subhalo and hence determine the values of Vmax and rmax defined in
Section 1.

3 R ESULTS

In this section, we study the central masses of the substructures
found within 300 kpc of the centres of the CDM and WDM Milky
Way like haloes. These results are compared with the masses within
the half-light radii, inferred by Walker et al. (2009, 2010) and Wolf
et al. (2010) from kinematic measurements, for the nine bright (LV >

105 L") Milky Way dwarf spheroidal galaxies.
Following the study by Boylan-Kolchin et al. (2011), in Fig. 4

we plot the correlation between Vmax and rmax for the subhaloes
in Aq-AW2 and Aq-A2 that lie within 300 kpc of the centre of
the main halo. Only those WDM subhaloes selected using our
matching scheme are included, whereas all Aq-A2 subhaloes are
shown. The CDM subhaloes are a subset of those shown in fig. 2 of
Boylan-Kolchin et al. (2011), and show Vmax values that are typi-
cally ∼50 per cent larger than those of WDM haloes with a similar
rmax. By assuming that the mass density in the subhaloes containing
the observed dwarf spheroidals follows an NFW profile (Navarro,
Frenk & White 1996b, 1997), Boylan-Kolchin et al. (2011) found
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The role of gas in galaxy evolution
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