Constraining the properties of dark
matter by astronomical observations
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Observations
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Probing properties of dark matter by
astronomical observations

In ACDM, dark matter particles are assumed to be
generated with ~0 momentum and collisionless, which L MM
means there is no interaction between DM besides A U

gravity. DM seeds the structure formation by a nearly ° —— |
scale-invariant fluctuation spectrum. 10 T W

< 107!
If DM is different from CDM, it may affect structure at the \El‘”
smallest scale and different from prediction of ACDM.
Astronomical observations to smaller scales (< 1019 M) L3
may set constraints on the properties of DM particles. ) R

It Is very promising because there are very powerful k [Mpe™!]
astronomical instruments, DESI, JWST, LSST, CSST, MUST, - —
WEFIRST, EUCLID - M ~ 10° M, at ~ 1 Mpc from the
Milky Way and M31 are planed attractive targets.
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The small scale problems are possible implications on the nature of

dark matter particles \ (. —
1, core-cusp: The dashed line shows the ACDM i
expectation for a typical rotation curve of a Vmax = 40 km o | G
s~!in dwarf galaxies. The data points show the measured Zaf I
rotation curves of two example galaxies of this size s o . |
requiring a constant DM density core. (LITTLE THINGS ;’ o o
Survey, Oh et al 2015) “U i é—Bur;:‘ert(mre) | 10"

7 [kpel

2, missing satellites. Figure show Simulated and observed i

dwarf galaxies. Deep survey ‘seems solve the problems.
(Garrison-Kimmel et al. 2017)
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3, diversity problem. The observation of rotation curves
shows that the rotation velocity vs maximal velocities have LN

very large dispersion.

Vieak > 30kms ™!

4, too-big-to-fail. Simulation gives rotation curves for
biggest subhalos, while only smaller dwarf galaxies are
observed. No dwarf corresponds to the biggest ones. this
Is an independent problem to the 15t one.

= N,

DM or feedback of baryons? o R VR R T R T




To determine the general properties of DM

* Astronomical observations can constrain the general properties of DM in a
model-independent way. This is complementary to the model based researches.

* Try to study the systems which have minimal degeneracy between DM
properties and baryon activities, such the ultra faint (diffuse) dwarf galaxies.

* self-interaction beyond gravity? Not collisionless

* Properties: wave-like or particle-like. Wave-like has long wave length,
Interference of waves.

* Method: numerical simulation Is necessary:



Ultra diffuse(faint) galaxies

* UDG (ultra-diffuse galaxies)
* Very dark (u > 24 mag/arcsec?)
» Stars are very diffuse ( R >1.5 kpc)

* Usually DM dominated
* Two extreme DM deficit galaxies DF2. DF4
* Many globular clusters

* Observations

* Imaging: Dragonfly, SDSS, HST, Gemini-

Observed Stellar - Peak Halo Mass Ratio (M, / Mh)

Ultra faint, UDG

0.01 |

0.001 =

0.0001

l010

0.1 o

Yang et al. 2012 (CSMF)
Hansen et al. 2009 (CL)
Birrer et al. 2014 (EM)

1 _t LTl ll 1

Behroozi et al. 2010 SN
» == « Reddick et al. 2013 (AM)

. = Moster et al. 2010 (AM)

Moster et al. 2013 (EM)

« == « Moster et al. 2018 (EM)
Lu et al. 2015 (EM)
Rodriguez-Puebla et al. 2017 (EM)
Wang et al. 2013 (CSMF)
Behroozi et al. 2013 (EM) === -

z~0.1

+ Lin & Mohr 2004 (CL)
Kravtsov et al. 2018 (CL)

= = = =« Shankar et al. 2017, Sérsic (AM)

s [UniverseMachine DR1 (EM) —
Illlll 1 llLlllll 1 111l

1012

10" 10" 10"

Peak Halo Mass [M ]

* Spectroscopy of objects in DF2: W. M. Keck Observatory



B NGC1052-DF2
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HST/ACS

Distance:
DF2-20.0%%1 Mpc
DF4-20.0 + 1.6 Mpc

Distance to NGC1052:
DF2-80 kpc
DF4-165 kpc

DF2 and DF4 has similar age,
size(~9 Gyr), GC population,
and velocity dispersion
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Both are diffuse !

Deep imaging

Gemini
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Mgtarprz = 2.0 X 10° Mg Mgparppa = 1.5 X 108 Mg °
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The stellar-to-halo mass relation require a halo mass of 0(10°My) |
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Tidal stripping

+ The satellite system experiences gravitational

potential in its host halo

+ Affect dark matter in the outer region primarily

+ Not sufficient to form DF2, DF4

Self-Interaction Dark Matter (SIDM)

+ Non-gravitational scatter
+ Result in a density core
+ Potentially explain the diversity

problem, the ‘cusp or core’ problem, the
‘too big to fail' problem
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Zhang, Bl, Yin,

) : - 2408.01724;
N-body simulation 540311403

Numerical setting

+ N-body code Gadget2 with Tree-PM algorithm

+ N-body satellite system consisting of 107 particles, with
mass of m = 10* Mg

+ softening length of 40 pc

Host system

+ accreting dark matter halo resembling NGC1052

+ represent by analytical potential
lead to the absence of evaporation and dynamical friction

+ Median values adopted from the mass accretion history and
mass-concentration relation

o startat z; =1.5(—-9.54Gyr) to zg = 0 (0 Gyr)



DF2-like 2 &R

Transform a typical dwarf galaxy to a DF2-like galaxy

Initial Conditions

= Halo: NFW profile with [MZOO =7 x 101Y Mol Cr00 = 5.5

= Star: Hernquist profile with [Mstar = 3.5 X 108Mol R.¢s = 1.25 kpc

= Self-interaction strength: 6/m =5 cm?®/g

= Orbit: (x, =0.8,7=0.3) 1peri = 20.0 kpc (~7.5 percentile)

« 10 GCs with mass of M;- = 10°M,, select GCs from star
particles with radius rgc = 1.8 kpc




Results of DF2

— con — Som — oM — siom Tidal evolution
(total & central
7 region)
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Star | affects dark

matter halos more
significantly than

: : A stars

. . . L L . . .| « DMself-scatters

Mgyn( < 2.7 kpc) [Me]

14—

L e enhance tidal
e 5 I stripping
E,L’E:z.() §§ 6 il U
L5 2 T . .
T \ DM deficiency




Results of DF2

—— CDM  —— SIDM

Star population

+ tidal stripping + tidal heating

negative heat capacity of
gravitational system
E=T+V=-T

+ (more diffuse spatial distribution
a decrease in velocity dispersion
(temperature)
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Results of DF4 — tidal tall

23
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radial surface brightness profile
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Rdistortion =434

where the slope changes

Rpreak = 45.4"

at least 0.2 mag/arcsec? higher
than the Sérsic profile

accurately reproduce
the tidal tails of DF4

How to explain the
tidal tail observed at
DF4 if it is generated
by collision? How to
explain no tidal tall
observed at DF2?




Nube A&A 681, Alb
(2024)
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*almost dark galaxy: Nube
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*anomalous star distribution: low central brightness, large R e, exceeding
UDGs(R _e~1.5-5kpc)
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Chamba et al. 2020
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Fig. 9. Surface stellar mass density profile of Nube (blue dots) compared

with other galaxies of similar stellar mass. The profiles of dwarf galax-

ies from Chamba et al. (2020) in the same mass range (1-5 x 10® M)
are plotted. We also show the profile of DF44 (green squares), as it is :
an iconic large ultra-diffuse galaxy. The vertical lines indicate the half- May d |SO expla 18 the D FZ; D F4

mass radius (R.) for Nube (blue solid line) and DF44 (green dashed



Dark matter and Ultra light DM
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Properties of Fuzzy DM: small scale suppression

* FDM does not change the structure at large scales and while at
scales comparable to its wave length the structure Is suppressed.

h 107%%2eV\ /220km/s
A = — ~0.5kpc ( )
mv m

v

* The structure suppression within the wave length solves the cusp-
core problem.

* The FDM halo I1s characterized by a profile with a soliton core and
an NFW envelope. There Is a stationary state of FDM with minimal
energy, referred to as soliton;

.{}(1 i | e L 3 ~ 3
, . < kr, ~
_ [140.091(r/7.)2]® c Z i
prpM (1) = { P >k ¢ \ _ Core-cusp problem
Q \\

= (142)
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Properties of Fuzzy DM: Iinterference of waves

granules evolution

* Interference between the waves results In
many Interesting effects.

* These dynamical evolutions lead to
fluctuations of the gravitational field,
which Inject energy Into the stars residing In
It, leading their velocities to increase and
their spatial distribution to become more

diffuse over time.

* This effect Is referred as the dynamical
heating.

Yang, XJB, Yin, Phys.Rev.D 111 (2025) 6, 063013



Analytical treatment of heating

3M, r2\ 2
initial star distribution: Plummer p.(7) = i3 (1 + U_g) Ben Bar—Or et
K k al 2019 ApJ 871 28

Total mass: M, = 3.9 x 10%M,

Initial half-light radius: a_i as 1kpc (a_i at 0.5-1.5kpc has similar results)

_3/2 \ 3
T PFDM | o
*star distribution is heated by FDM and described by diffusion Meff = 3 3 PFDM (Zﬁ)
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A random walk in the energy space leads to larger energy dispersion
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Numerical simulation

e FDMAAMA 1 ~10 22V
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Dynamical heating effect of FDM

» Initial wave function » Stellar initial condition
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Dynamical heating effect of FDM
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Dynamical heating effect of FDM
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Dynamical heating effect of FDM

» A natural consequence in this picture

* The longer the stars experience heating, the more diffuse their distribution becomes, and the larger
their velocity dispersion grows.

» The dynamical heating effect of FDM is most promising in isolated galaxies, and will be affected by environments

» Qualitatively consistent with other observations Y. M. Yang, X. J. Bi, and P. F. Yin, JCAP 07, 054

v' The Milky Way thick (thin) stellar disc is dominated by older (younger) stellar populations, and exhibits higher
(lower) velocity dispersion. This is consistent with heating effect of FDM with m~0.5 — 0.7 X 107%% eV.
B. T. Chiang, J. P. Ostriker, and H. Y. Schive, MNRAS 518, 4045-4063 (2023)
v’ Isolated dwarf galaxies always seem to be young, blue, HI-rich and star-forming.

D.J.Prole et al., MNRAS 488, 2143-2157 (2019)
v' There is a trend that, compared to younger dwarf galaxies, older dwarf galaxies tend to lie closer to high-density

reglons. J. Roman and I.Trujillo, MNRAS 468, 4039-4047 (2017)

v' Within a dwarf galaxy, older stars tend to have a more diffuse distribution compared to younger stars.

C.R.Higgs et al., MNRAS 503, 176-199 (2021); R.Pucha et al 2019 ApJ 880 104



Tidal suppression of the heating effect

PHYSICAL REVIEW LETTERS 123, 051103 (2019)

Strong Constraints on Fuzzy Dark Matter from Ultrafaint Dwarf Galaxy Eridanus II

PHYSICAL REVIEW D 106, 063517 (2022)

Qa/Qd

Excluding fuzzy dark matter with sizes and stellar kinematics
of ultrafaint dwarf galaxies

10—21 10—20 10—19

=hy (lV > astro-ph > arXiv:2501.07631 My [eV]

Astrophysics > Astrophysics of Galaxies

[Submitted on 13 Jan 2025]

Ultra-Light Dark Matter Simulations and Stellar Dynamics: Tension in Dwarf Galaxies for m < 5 x 102l ev
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Tidal suppression of the heating effect

: : 2507.01686, accepted by APIL
»Fornax in the Milky Way pted by
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summary

« Astronomical observations can probe DM properties in a model-independent way.

« SIDM/Fuzzy dark matter is proposed to solve the core-cusp problem. The properties
help to solve many observations that seem difficult to explain by CDM.

« Core structure enhances the tidal effects to explain DM deficit systems. The wave
interference leads to dynamical heating and may explain anomalous stellar
distributions in some systems.

« There are also many constraints on DM scenarios beyond the CDM. The available
deviation of these DM scenarios from CDM is not clear yet. More
observations/simulations are necessary to finally determine the DM properties.



