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through Synergy of Astrophysics and Particle Physics
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e Beyond cold dark matter: feedback OR non-standard DM?

e Accurate inference of dark matter distribution in nearby
galaxies via advanced dynamical modeling

e The local dark matter density in the Solar Neighborhood

e Shape of dark matter halo from dynamical modeling of
stars+gas in isolated local dwarf galaxy WLM

o Astrophysical constraints on dark matter particle properties
from local dwarf galaxies

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Beyond cold dark matter

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021



universitat
en

e ACDM has been successful at describing how large scale
structures Iin the universe arise

e notable problems have been identified at galactic scales

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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e ACDM predicted orders of magnitude more low-mass
subhalos than the observed number of luminous satellite
galaxies around the Milky Way and Andromeda

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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'Core-Cusp’ problem
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Credit: Sean Tulin

e The density profile of CDM halos is self-similar with a steep
inner cusp, but (low-mass) galaxies show indications of
shallower density profiles with an innner core

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Cold dark matter with feedback?

Gas driven away Gas cools & Force returns to
Dark matter from centre flows backin | | original
particle T strength...
&0{?"‘ ey Gravitational force K |
g ‘L = insufficient P :
S Fywr 3 o 4_’
-——? ; \ ‘. f_%"’ b
.| ..butis weaker at large
Dense, star- e distances, so the particle
forming gas F’an&i}a {gigrsates cannot be pulled back
h to its old orbit.
T Process can repeat. Analytic arguments and simulations »

show effect accumulates with each episode.

Pontzen & Governato (2012)

e Baryonic feedback processes: supernovae, stellar radiation,
reionization, ram pressure stripping, etc.

e (Can halt and even prevent star formation: dark satellites

e (Can cause non-adiabatic expansion: density cusps to cores

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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e E.g., selt-interacting (SIDM) or ultra-light axion DM (BECDM)
e Structure formation at small scales is suppressed

e Particle self-interactions can create central density cores

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Feedback or non-standard DM?
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Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021



Feedback or non-standard DM?

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter
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Vienna, Particle Physics seminar, 1 June 2021



Feedback or non-standard DM?

(SIDM = self-interacting DM s w0 stedel L,
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Feedback or non-standard DM?
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Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Nature of DM: theory & experiments
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e [ arge investments from Particle Physics... and Astrophysics?

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Dark matter in nearby galaxies

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Dark Matter in Galaxies
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e Jo disentangle luminous and dark mass requires stellar
mass-to-light ratio ...

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Disk-halo degeneracy

R~ Rag= vl
van Albada et al. (1985)
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e ..+ resolution, correction non-circular motions, deprojection,
non-spherical halo, and presence of cold gas!

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021



g Lniversitat
</ wien

Mass-anisotropy degeneracy

tracer density velocity anisotropy:
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o All galaxies per definition contain stars, but for robust DM
inference need more advanced data and models

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Mass-anisotropy degeneracy
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e radial variation in observed line-of-sight velocity dispersion
due to change in mass or in velocity anisotropy

e 0o break this mass-anisotropy degeneracy need advanced
dynamical models with higher-order velocity moments

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021



g7 Lniversitat
.y wien

Schwarzschild orbit-based model

vdBosch, vdVen et al. (2008), vdVen, vdBosch et al. (2008)

Emsellem et al. (2004)

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Schwarzschild orbit-based model

vdBosch, vdVen et al. (2008), vdVen, vdBosch et al. (2008)

Emsellem et al. (2004)
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Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Schwarzschild orbit-based model

vdBosch, vdVen et al. (2008), vdVen, vdBosch et al. (2008)

Elliptical galaxy NGC4550____stellar velocity field

_~—

Z (arcsec)

prograde disk-like orbits

0
y (arcsec)

o

ot
n

I
o
otn

)
D)
N
O o
S
X

angular momentum A,
o
O

| radius (arcsec) 10 20
bulge-like orbits

I
=
<

|
o

retrograde disk-like orbits

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021



S ° ° o0
AN
SN
=N
T116(%/=)
eSS
i
@77
Tan1s>

Assembly and mass recovery

Zhu, vdBosch, vdVen, et al. (2017); Zhu, vdVen, et al. (2018);
Zhu, vdVen, Leaman et al. (2020); Zhu, vdVen, Leaman et al. (2021)
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e Advanced (population-)orbit models of hundreds nearby galaxies

e Recovery assembly history and accurate (<10% uncertainty)
inference of luminous and dark matter distribution

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Luminous tracers of dark matter
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e Cold gas: directly circular velocity, but restricted to disk
plane, sensitive to perturbations, and needs mass-to-light
ratio to break disk-halo degeneracy

e Hot stars: everywhere, but needs advanced data and
models to break mass-shape-anisotropy degeneracy

e Local Group: stars are resolved, positions and distances,
line-of-sight velocities and proper motions, chemical
properties and even (proxies for) ages ...

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Dark Matter in the Solar Neighborhood

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Vertical Jeans eguation

/Zhang, Rix, vdVen, et al. (2013)
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(Gas, stars and dark matter

Zhang, Rix, vdVen, et al. (2013)
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Local dark matter density
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Still significant
uncertainty due to
assumptions on

Pam [Msun pc™]

® |ntrinsic density

of tracers

e velocity
anisotropy

® paryonic
contributions

e possible dark
disks
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e High quantity and quality discrete (population-)kinematic
data from SDSS/APOGEE, Gaia/ESO, ...

e Avoid binning and hard cuts via discrete fitting including

contaminants in Bayesian framework
(e.g., Watkins, vdVen, et al. 2013; Zhu, vdVen, et al. 2016)

e Beyond Jeans equations through orbit- and/or distribution-

function based (population-)dynamical models
(e.g., Ting, Rix, Bovy & vdVen 2013; Zhu, vdVen, Leaman, et al. 2020)

e .. Improved robust constraints on dark matter amount and
distribution in the Local Group

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Dark matter in local dwarf galaxy WLM

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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¢ |solated dwarf galaxies
may have stellar and
gas kinematics
avallable

¢ \\Vish to combine them
INn a joint dynamical
model to break mass-
anisotropy-geometry
degeneracies

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter

|solated Local Dwart Galaxy WLM

Vienna, Particle Physics seminar, 1 June 2021
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Multi-tracer
dynamical
models

e \/LT+Keck spectroscopy of
RGB stars discrete
velocities

n [arcmin]

e [For a choice of orbit
structure and gravitational
potential, we compute
likelihood for each
dynamical model to
reproduce discrete, on-sky
ine of sight velocities

£ [arcmin] Leaman et al. (2013)

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Multi-tracer
dynamical
models

eor the first time want to
combine this model with
gas kinematics

e H| gas rotation curve

independently constrains 1111111
total potential in Jeans T 10 15 30 o5
equations. R [KpC]

lorio et al. (2017)

o = (1 ) [ ([ G
> (0P 0P
+ Z z} + Ri By

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Multi-tracer 107 e
- : T — CDM
dynamical — wow:
models 210° | = swoms 3
=
e DM halo profile Y
parameterised by 2107
axisymmetric generalised =
NFW profile
| 10° SR
e Allows for cored profiles 0.1 1 10
expected due to baryonic R (kpc)
feedback or SIDM
() 0 y =1, NFW cusp

(r/rs) V(L4 r/rs)3=7 y = 0; cored profile

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Multi-tracer
dynamical
models Prolate
dpm > 1
e DM Halo shape
parameterised by short to
long axis ratio
gy = cla
Z Oblate
dpm < 1
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Recovered
DM halo
parameters

dpMm

e See factor of
2-3 reduction
N
uncertainties
when using
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(red)
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Recovered
DM halo
parameters
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Recovered DM halo parameters

Leung, Leaman, et al. (2021)

i
/ d«- i‘.(

Cored DM halo
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Prolate DM halo
gpy = 2.1 £0.9

0 3 4
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Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Baryonic feedback predictions

Leung, Leaman, et al. (2021)
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e DM core, mass and geometry in excellent agreement with
simulations where CDM is modified by stellar feedback

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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Separating DM models with galaxy
dynamics

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter Vienna, Particle Physics seminar, 1 June 2021
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e SIDM and
BECDM have
INk between
DM core size
and viral
mass -

for a given
particle
cross section

Glenn van de Ven & Ryan Leaman,

Constraints on DM particle properhes

Vogelsberger et al. (2012)
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Constraints on DM particle properhes

WLM: Leung, Leaman, et al. (2021)

eor SIDM the
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Constramts on DM particle properhes

Fornax: Leung, Leaman, et al. (2019)
Pegasus: Leaman, et al. (2020)
WLM: Leung, Leaman, et al. (2021)
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Constraints on DM particle properhes

1000 177 T T T T T TTLF =
e Joint constraints = N :
. N 7 . —
for velocity - 0\6\:' - -
independent SIDM: | _ Og\
100 N =
o/my = 0.8 — 3.1 cm? g~ R - SN .
= B Q- i
S 7
. C PN -
g 10 = %\<>@ =
e [or ultra-light - :
axion / BECDM i -
mw = 11 - 13 X 10_22 eV/C2 1 |16\‘\\\ | - |1(|)\S) [km/s]l — |1|000

Glenn van de Ven & Ryan Leaman, The Nature of Dark Matter

Vienna, Particle Physics seminar, 1 June 2021



0 wniversitat e

~ """ Constraints on DM particle properties
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& wien Are prolate, cored DM halos
poroblematic for SIDM?

e Particle
interactions In
iINnner regions
can easlily
create DM
cores in SIDM

Vogelsberger et al. (2012)
RefP1 (SIDM-ruled out)

'RefP0 (CDM)]

e But this tends
to be an
Isotropic
process and
sphericalizes
the halos
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e Are prolate, cored DM halos
oroblematic for SIDM?

Peter et al. (2013)

1.0 .

Spherical M=(10" _1014)M®/h | |
0.9}
e Unclear if halos 0-81
of this mass can 0.7t
have non- 2
spherical 0.61
geometries and 05
an inner density '
core in SIDM, 0.4}
SFDM WL
Flattened 0.3 0.5 1.0 1.5 2.0 2.5
/4
Cored Cuspy
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Future targets with MUSE + HST

IC 4662

o .-§éxt§p§_A{» ESQ 121-G020
e MUSE lets us
efficiently measure
the stellar
Kinematics in
nearby dwarfs.

stgm ascensien

 'DDO 216 | NGC 3109

e ~15 identified with
existing HI gas
kinematics to form
a large program.

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

' ESO 410-005 @ eon . WIC5152
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Conclusions

¢ New methods are needed to differentiate CDM+feedback
from alternative dark matter theories

e Advanced dynamical models are providing more robust
inferences of local and extragalactic DM distributions

e (Combining gas, stellar and globular cluster orbits let us
recover DM density profile and flattening

e DM particle cross sections inferred from studies of nearby
dwarf galaxies together with aspherical DM halos may be
problematic for interacting DM models - but naturally
arise in CDM+feedback simulations
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Thanks for your interest!
Questions?
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