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Oh+2011:	observations

Governato+2012:	simulations

cusps

cores

The	cusp-core	discrepancy
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Different predictions for the halo response
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A 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

6/25

Oman	et	al.	2015,	adapted	by	Sales	et	al.	2022	

Three	dwarf	galaxies	with	similar	outer	rotation	velocity	but	distinct	inner	behavior:	
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Dark	matter	halo	response	to	baryons
Tollet	et	al.	2016

Di	Cintio	et	al.	2014Concentration

Tollet	et	al.	2016Inner	slope
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halo

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

✦	Adiabatic	contraction	(Blumenthal+1986)

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

Pontzen	&	Governato	2012

How can baryons affect dark matter haloes?
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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)

✦	Collisions	(Van	Dokkum+2022)

✦	Stellar	feedback	outflows	(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

	Outflows	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

Jiang,	Dekel,	Freundlich	et	al.	2019
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1/	Core	formation	from	bulk	outflows

 Freundlich	et	al.	(2020a),	Dekel	et	al.	(2021),	Li	et	al.	(2022)

9

https://arxiv.org/abs/2004.08395
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Evolution	of	a	spherical	shell	encompassing	a	collisionless	mass	M	when	a	baryonic	mass	m	is	
removed	(or	added)	at	the	center
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m
M

✦	Slow	mass	change 
	Angular	momentum	conservation	on	circular	orbits:	

✦	Instant	mass	change

CuspCore:	Core	formation	from	bulk	outflows

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)	at	the	center
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✦	Slow	mass	change 
	Angular	momentum	conservation	on	circular	orbits:	

✦	Instant	mass	change

Evolution	of	a	spherical	shell	encompassing	a	collisionless	mass	M	when	a	baryonic	mass	m	is	
removed	(or	added)	at	the	center
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✦	Slow	mass	change 
	Angular	momentum	conservation	on	circular	orbits:	

✦	Instant	mass	change

Freundlich	et	al.	(2020a)

CuspCore:	Core	formation	from	bulk	outflows
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Evolution	of	a	spherical	shell	encompassing	a	collisionless	mass	M	when	a	baryonic	mass	m	is	
removed	(or	added)	at	the	center

rf

ri
=
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M + m

=
1

1 + f
with f =

m
M

✦	Slow	mass	change 
	Angular	momentum	conservation	on	circular	orbits:	

✦	Instant	mass	change

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

Ef(rf ) = Et(ri)

Freundlich	et	al.	(2020a)

CuspCore:	Core	formation	from	bulk	outflows
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coreNFW
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a(xM), b(xM), g(xM), c2(xM)

f (ℰ)

not	available only	certain	cases	
⋆for the αβγ profile, M(r), V(r), σr(r), and Φ(r) can be expressed using elementary functions in certain cases (in particular when α = n, β = 3 + k /n with k, n ∈ N )

available non-elementary	functions	

/Di	Cintio

Dekel-Zhao
ρ =

ρc

xa(1 + x1/2)2(3.5−a) c, a (or c2, s1) c2(xM), s1(xM)
Freundlich+2020b
Dekel+2017
Zhao	1996

An	&	Zhao	2013

An	&	Zhao	2013

c(Mhalo)

Dark	matter	halo	parameterizations
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✦ 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)	

14

CuspCore:	shortcomings
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Li	et	al.	2022	(incl.	Freundlich)	

CuspCore	II:	iteratively	updating	the	distribution	function
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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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CuspCore	I

CuspCore	II

η = ΔM/M

Gas:	concentrated diffuse lower	concentrated	

16

Li	et	al.	2022	(incl.	Freundlich)	

CuspCore	II:	numerical	test
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…followed	by	a	sudden	AGN	outflow

ρ Dekel,	Freundlich,	Jiang	et	al.	2021 

Cores by dynamical friction and AGN 11

Figure 4. Semi-analytic SatGen simulations of single satellites, di↵use and compact, marked by thin lines and thick lines respectively.
The Dekel-Zhao mass profile parameters of the satellites are (c,↵) = (3, 0.5) and (7, 1), respectively, consistent with the VELA profile pre
and post compaction in Fig. 1 and Fig. 2. The initial satellite mass at Rv is mv=1011.5M� in a host of Mv=1012.5M�, with an NFW
profile of cNFW =5. The same for a steep-cusp halo is shown in Fig. G2. The orbit has a typical circularity at Rv of ✏=0.4. Top: The
satellite orbits, a face on projection (left) and radius within the host halo as a function of time, with the times of entry into the 10 kpc
cusp marked. Bottom left: The satellite bound mass fraction f=mt/mv as a function of radius. Bottom right: The energy deposited
by dynamical friction in the host, interior to radius r, with respect to the kinetic energy within the cusp (Kc = 0.5M(r < 10 kpc)V 2

v ).
The dashed curves refer to the fits used in the CuspCore analysis of §6. We read mc/mv '0.1, 0.4 and Wc/Kc ' 0.3, 1.8 for the di↵use
and compact satellites respectively. We learn that the bound gas fraction of the compact satellite is ⇠10 times larger than for the di↵use
satellite. As a result the DF on the compact satellite generates a significant energy change in the host cusp, while the e↵ect of the di↵use
satellite is negligible, consistent with the analytic estimate of §3. [Fangzhou: Please change the fits, to the ones given in footnote 8 in
page 15.]

In order to evaluate the e↵ect of including the cen-
tral baryons in the satellites, we re-ran SatGen with our
fiducial NFW host halo but with the satellites following
the more compact DZ-profile fits to the VELA simu-
lated galaxies using the total mass rather than the dark
matter alone. The DZ profiles are here (c,↵) = (2, 2)
and (2, 1) for the di↵use and compact satellites respec-
tively, following the VELA pre and post compaction
galaxies from Fig. 1. We learn from Fig. F1, which sum-
marizes this SatGen run compared to the fiducial case
of Fig. 4, that the more compact satellites indeed pen-

etrate to the host cusp with a higher mass and deposit
more energy there accordingly, as expected. However,
the di↵erence is rather small, with m/mv ' 0.5 com-
pared to 0.4, and Wc/Kc ' 2.5 compared to 2, for the
compact satellites. This is a smaller di↵erence than ex-
pected based on the toy model of §3. These results in-
dicate that our main analysis using the fiducial satel-
lite profiles as derived from the DM mass in the VELA
simulated galaxie should provide good, conservative es-
timates for the cusp heating by dynamical friction.

In order to evaluate the e↵ect of a steep-cusp host

c� 2002 RAS, MNRAS 000, 1–30

compact satellite
diffuse satellite

Energy	deposited	through	dynamical	friction…

Orbit Radius

Mass	loss Energy	deposited

Enhanced	core	formation	with	dynamical	heating	and	outflows

https://arxiv.org/abs/2004.08395
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2/	Core	formation	from	stochastic	density	fluctuations

 El-Zant,	Freundlich	&	Combes	(2016),	Hashim	et	al.	(2023)


18

https://arxiv.org/abs/2004.08395
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✦ 	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	fluctuations	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)


Core	formation	from	stochastic	density	fluctuations



Jonathan	Freundlich News	from	the	Dark,	13	November	2024 	/302020

El-Zant,	Freundlich	&	Combes	(2016)


Main	assumptions	of	the	model

✦Spatial	statistical	properties	transported	(swept)	into	the	temporal	domain


⟨Δv2⟩ = 2∫
T

0
(T − t)⟨F(0)F(t)⟩ dt =

2
v2

r ∫
R=vrT

0
(R − r)⟨F(0)F(r)⟩ dr

vr

✦ 	Isotropic,	stationary	fluctuations	described	by	a	power-law	power	spectrum	with	min/max	cutoff	scales

P(k)

kkmin kmax

P(k) = V⟨ |δk |2 ⟩ ∝ k−n

ϕk = − 4πGρ0δkk−2

PF(k) = Vk2⟨ |ϕk |2 ⟩

⟨F(0) . F(r)⟩ =
1

(2π)3 ∫
kmax

kmin

PF(k)
sin(kr)

kr
4πk2dk

✦Diffusion	limit	where	the	density	fluctuations	are	small	compared	to	the	distance	R	travelled

2π /kmax ≪ 2π /kmin ≪ R

trelax =
nvr⟨v⟩2

8π(Gρ0)2V⟨ |δkmin
|2 ⟩
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✦ 	Fiducial	dwarf	NFW	halo	+	force	resulting	from	the	stochastic	density	fluctuations	


✦ 	Self	Consistent	Field	(SCF)	method	(Hernquist	&	Ostriker	1992)	


21

El-Zant,	Freundlich	&	Combes	(2016)


Numerical	implementation	and	test

—	for	each	k,	force	kick	according	to	the	power	spectrum	in	a	random	direction


—	force	normalization	
 ⟨F(0)2⟩ =
8(Gρ0)2kminP(kmin)

n − 1
1 − ( kmin

kmax )
n−1

✦Core	formation	within	a	timescale	comparable	to	the	relaxation	time
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Hashim	et	al.	2023	(incl.	Freundlich)	


A	simulated	dwarf	galaxy	(109	Msun)

Mass	fluctuations	at	different	scales A	power-law	power	spectrum

Hydrodynamical	test
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A	simulated	dwarf	galaxy	(109	Msun)

Energy	input:	a	diffusion	processDensity	profile:	core	formation

Hashim	et	al.	2023	(incl.	Freundlich)	


Hydrodynamical	test
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3/	Heating	stellar	systems	with	fuzzy	dark	matter?

 Marsh	&	Niemeyer	(2019),	El-Zant,	Freundlich,	Combes	&	Hallé	(2020),	Hallé	et	al.	(in	prep.)


24

https://arxiv.org/abs/2004.08395
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Interferences,	granules,	core

Schive	et	al.	(2014)

Schrödinger	and	Poisson	equations:

Fuzzy dark matter or ultra-light axions (m~10-22 eV)
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Constraining fuzzy dark matter: dynamical heating
Marsh	&	Niemeyer	2019:	Fuzzy	dark	matter	(FDM)	halo	density	fluctuations	should	heat	up	stellar	
structures,	such	as	the	old	stellar	cluster	at	the	center	of	Eridanus	II	dwarf	galaxy	
—	using	the	model	of	El-Zant	et	al.	(2019)

—	the	central	cluster	is	assumed	to	expand	in	virial	equilibrium	as	it	stars	heat	up

drh

dt
=

D
G ( αM⋆

r2
h

+ 2βρ0rh)
−1

rh	half-mass	radius,	𝛼=0.4,	β=10	for	a	cored	Sersic	profile	(cf.	Brandt	2016)

D	diffusion	coefficient	stemming	from	El-Zant	et	al.	(2019)	



Jonathan	Freundlich 	/30News	from	the	Dark,	13	November	2024

excluded?

Expansion	of	the	cluster	for	different	FDM	masses

observed	cluster	size
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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	fluctuations	on	test	particles.	

➡Density	power	spectrum	in	line	with	FDM	simulations

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

➡Diffusion	coefficient	for	a	Maxwellian	velocity	distribution

➡The	existence	of	the	central	stellar	cluster	of	Eridanus	II	could	in	principle	yield	m	≳	8.8	10-20	eV	if	all	
dark	matter	were	fuzzy	(cf.	Marsh	&	Niemeyer	2019)

➡But:		• The	cluster	lies	inside	the	core	for	m	≲	8.8	10-20	eV	so	the	formalism	does	not	rigorously	apply	
• For	m	≳	10-19	eV	the	granule	size	is	bigger	than	the	initial	cluster	size	assumed:	the	fluctuations	
should	not	just	heat	up	the	cluster	but	affect	it	as	a	whole	(e.g.	displace	it	from	the	center)
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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)
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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.
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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)

➡Thicker	 disk	 with	 increasing	 FDM	
mass

➡Weaker	bar

➡Variation	in	the	pattern	speed?
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Constraining fuzzy dark matter with stellar streams?

Stellar	streams	around	the	Milky	Way	(Gaia	DR2)

Fuzzy	dark	matter	halo	fluctuations	should	dynamically	heat	or	deform	stellar	streams…	

∂t f = − ∇x ⋅ (vf ) +
1
2

∇x ⋅ (Dx ∇x f) +
1
2

∇v ⋅ (Dv ∇v f)
D [(Δv)2] =

4 2πG2ρ1meff

σeff
ln Λ [ erf(Xeff)

Xeff ] cf.	also	Delos	&	Schmidt	2022		

Fokker-Planck	equation
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But cold dark matter substructures also affect stellar streams

M2	internship	of	Margot	Pernet

co-supervised	with	Raphael	Errani

3.2.1 Dependence on substructure abundance

In this section, the cluster has a softening length of 10 pc and uses the globular cluster
progenitor of model m2 (tab 2.1) with 105 stars.

We compare two different halo models. Each has a mass per substructure Msub = 107M�,
and a size rsub = rc�M, as defined by the c-M relation given its mass (Ludlow et al. 2016). The
first model has 10% of its total mass made of substructures, with the remaining 90% generated
as a smooth halo (see equation 3.4, fsub = 0.1). The second is made entirely of substructures
(see equation 3.4, fsub = 1).

⇢host = ⇢NFW(

analyticalz }| {
fsmooth +

N-bodyz}|{
fsub ) (3.4)

fsmooth = 1� fsub

The streams obtained can be seen in figure 3.2

Figure 3.2: Snapshots of the streams after 5 Gyrs, the 7th passage at apocenter. On the left is
a smooth halo, in the center a halo with 10% of its mass made of substructures, on the right a
halo made only of substructures.

Using the previously defined stream coordinates, we can look at the streams’ width and
velocity dispersion along the orbit. The distance along the orbit d is as defined from our
stream coordinates, vd the corresponding velocity.

w2(d) = d2 � d
2 (3.5)

�2(d) = v2d � vd
2 (3.6)

The width and velocity dispersion of the previous snapshots are in figure 3.3.
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Evolution	of	a	tidally	stripped	globular	cluster	in	a	clumpy	halo

The	high	velocity	dispersion	and	width	of	C-19	are	consistent	with	
a	globular	cluster	progenitor	evolving	in	a	clumpy	dark	matter	halo

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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Clumpy	dark	matter	halo	

Lovell	et	al.	2012

Figure 3.3: Width and velocity dispersion of the streams. The dashed gray line corresponds
to the progenitor position for each stream, computed as the densest point as defined by the
shrinking sphere method.

A clear heating of the stream caused by the dependence on the abundance of substructures
can be seen. Depending on position, the stream velocity dispersion is larger by a factor of 3 to
10 in the case of the clumpy halo compared against that of the smooth potential. Similarly, the
width is larger by a factor of 3 to 30. The stream also shows a much more complex structure
the more dark matter substructures there are.
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To summarize our findings, we define a single width and velocity dispersion value per stream
as the value around apocenter after around 5 Gyrs. The errorbars are the values at the 16th

and 84th percentile, the point at the 50th percentile. The results are shown in figure 4.4.

Figure 4.4: Heating of the streams after 5 Gyrs. The solid gray line is a line of constant density.
The gray cross is the globular cluster (GC) progenitor for all streams. The gray circle shows
width and velocity dispersion of the stream in a smooth halo. The blue dots show the stream
width and velocity dispersion for different dark matter substructure models : darker colours
correspond to higher substructure masses; larger symbols correspond to larger substructure
sizes.

A clear heating can be seen from the two most massive models. The two lower-mass models
don’t heat more than in the smooth halo case. It is to note that the circle showing the most
heating comes from the higher mass model, with the higher size. From looking at the snapshots
(figure 4.2a, 2nd from the left), it seems this stream just had a close encounter with a dark matter
substructure, and as seen in the width and velocity dispersion plots (figure 4.3a, darkest line)
does not have a trailing stream at that moment. The close encounter seems to have caused
the stream to fold over itself, thus the high width and velocity dispersion might be temporary
values caused by the encounter. After such an encounter, it is likely the stream will reform two
trailing tails, a scenario which can be seen in the snapshot of the higher mass lowest size model
(figure 4.2a, 1st from the right), as well as the second higher mass lowest size model (figure
4.2b, 1st from the right). From this, we can say the high width and velocity dispersion of the
C-19 stream does correspond with the values of a stream with a globular cluster progenitor
evolving in a clumpy dark matter halo.
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width velocity	dispersion	
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Conclusion
Modeling	core	formation	from	feedback	processes
✦From	bulk	outflows

Freundlich+2020a,b,	Dekel+2021,	Li+2022

✦From	stochastic	density	]luctuations

El-Zant,	Freundlich	&	Combes	2016,	Hashim+2022

✦A	new	mass-dependent	dark	matter	halo	profile
✦Constraining	feedback	processes	through	the	diversity	of	halo	shapes?	

Constraining	fuzzy	dark	matter	(FDM)	with	dynamical	heating

✦A	model	 to	describe	 the	effect	of	FDM	density	 fluctuations	on	stellar	structures	(relaxation	 time,	diffusion	
coefficients)	

✦Possible	constraints	on	the	FDM	particle	mass	from	the	velocity	dispersion	of	the	MW	and	the	existence	of	
the	central	stellar	cluster	of	Eridanus	II

El-Zant,	Freundlich,	Combes	&	Hallé	(2020)

✦Simulations	of	the	effect	of	FDM	fluctuations	on	galactic	disks	

✦Constraining	FDM	with	stellar	streams?	

Hallé	et	al.	in	prep.


