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€DM vs WDM - Motivation

AC_"DM' fails to éxplai'n observ‘gd.prbpe-rties of galaxies -
MiSsihg Satjelﬂptes Prj{)blem_‘_ N |
Cores_\_/f's' C‘usbé 5
Mergers v.sN'ci)..Merge_rs‘
Pure Disk Galaxies

Dwarf population in voids e

Where is the WIMP?






Simulating the',Warm Dark Matter - The Challenges

How to treat the- partlcles’?
| How to cut the power spectrum?
What about velocm‘es ? The |mpact of veIOC|ty drsperson.

“How to compare WDM srms with CDM sims and
observatlons

“ Resolution.and softenrng
Fragmentation |
Structure formatron and its hrdden treasures
Halo mternal structure .
The trustworthy factor and the catch 22



"Simulating the WDM...
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Speed I\/Ia-t"ters_ -

Bode, Ostr-ik-e'r' &‘Tur_ok 2001

Assumptions: entropy production &,n.egligAibIe‘chemical potential
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Different Assumptions: . ~Paduroiu et al. 2015
** number conservation ' :

* non-entropy production

* quantum pressure

. sthermalization caused by an exchange potential




CAVEAT EMPTOR

rax\¥/ n \?/15\3 [kev %k . Bode et al. 2001
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‘validonly-for the case-in.which the full dark matter
~content is made up{bxvonly one type of particles
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Figure 1. Three snapshots of different simulations at redshift z = 0. CDM, WDM3 and WDM4 are shown from left to right.

Table 1. Details of the simulations

Label 1=k WK HiEe no.of particles {r200) halo mass  rapp ( kpe)

CDM o 40 Mpe &0° 2.6 % 1073 160

140
140

WIDNMI1
WDM2
WDM3
W4

Sy Ny E

=

WDMS
WDMG




Mildly non=linear regions at z=3 in CDM

i.e. overdensities be’rwee_n 1 and 5 w.r.t.
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and WDM
mean
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Thermal Velocities No Thermal Velocities
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Label  wvelocitiesz; cutoff boxsize N softening

km/s keV.  Mpc/h kpc
CDM no - 40 !
WDM]1 0 0.2 40
WDM2 36.6 0.2 40
WDM3 0 40
WDM4 1.6 40
WDM5 36.6 0.2 30

.‘. "" .l . . : S

Simulations detalls 2. 72x105 \Y/ partlcle
355 pc spllne gravitational softening
- WMAP7 cosmological parameters
z=100 initial redshift

Label size first collapse  average density  highest density
- WK 7 critical critical
lu.avi 10.88 0.264 il

ld.avi 10.18 0.258 481
ri.avi 10.18 0.268 480
rd.avi 10.64 0.258 474




-+ Movie.Time... *
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P https://wv\':/:\'/\?/.ydfutubé’.‘com/playlist?lisf:PLn |
__ GSAwkSH1aqi3M9hTDaUzuZ-vs-Qgéi -

.- orondemand ...

-


https://outlook.unige.ch/owa/redir.aspx?SURL=iFAUsLlJaopwCUNrDvdlSeCcl6MSky0RHQ2ABmlOkzXKjiV3hXHSCGgAdAB0AHAAcwA6AC8ALwB3AHcAdwAuAHkAbwB1AHQAdQBiAGUALgBjAG8AbQAvAHAAbABhAHkAbABpAHMAdAA_AGwAaQBzAHQAPQBQAEwAbgBHAFMANAB3AGsAUwB0AEoAMQBhAHEAaQAzAE0AOQBoAFQARABhAFUAegB1AFoALQB2AHMALQBRAGcANgBpAA..&URL=https%3a%2f%2fwww.youtube.com%2fplaylist%3flist%3dPLnGS4wkStJ1aqi3M9hTDaUzuZ-vs-Qg6i

Hybrid mechanism of structure formation

During the: early stages one sees the formatlon of well" contoured
filaments.

. 41N the' higher density regions, usually: situated at the intersection of such
~ filaments, the first* halos . are formed “through gravitational collapse.

These halos continue growing into_larger ones by accretlng particles
from the d|srupted"f||aments s o v .

In medium densrty reglons haloes show a hierarchical formatlon trend
~Small haloes-collapse first and then merge |nto blgger haloes.

_In less dense regions, the ones Isolated by voids and,have a very slow.
evolution, we have observed filaments that collapse very late. The top
down formed halo survives without any mergers until redshift zero.

Finally. there is the more complex scenarro in whrch we observe large
haloes formed earlier which merge into clusters
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£ A'ssump‘rionfs‘ in determining the core radius:

s -

- -

AIsoTher'mal 5pher'es | V
“iLiouyille - Phase space densu‘ry (PSD) is conserved‘
«Pauli excluslon prmcnple ' |
.PSD constant as mixing occurs - |
.Velocity dispersion in central halo = cons’ran’r

ADensﬁry profnle in central halo = consTanT

N el
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Constraints on the core radius of Fornax as a function of the
central phase-space density and maximum circular veIOC|ty derived
from the veIOC|ty dispersion proflle

Strigari et al 2006 T = = ah
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Figure 4. Phase space density profile for the CDM, WDM3 and
WDMS models at =z =1L
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Figure 1. Comparison betwesn core size in simulations (open
symbols) and the theoretical expectation for a M 102 A
halo (solid line). The dashed horizontal line is the gravitations

softening of our simulations. All points below this line should be
considersd as upper limits on the core size.

is a linear fit to the simulation results.

oo o1 1
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Figure 2. Expected core size for the typical dark matter mass
of Milky Way satellites as a function of WDM mass my.. The
shaded area takes into account possible different values of the
loeal density parameter 0.15 < (i < 06 The vertical dashed
line shows the current limits on the WDM mass from large seale
structure observations.

Label Teare.a Fepes, O} Feore, b

[ kpe) [ kpc) [k )
CDM < 0.4 < 0.4 ==
WDM1I <04 < 0.4 0.005
WDM2 <04 < 0.4 0.07s
WDAM3 0.42 < 1.1 0.48
WIDAM4 1.63 1.8 1.9
WDAMS 456 8
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How to cook a big cofey

« Simulations of CDM +  Gas :
5 AGN Feedback

-

_.Supernova Feedback .« Fine Tuned
‘ < Star Fo‘r'matron : : o

» Solve mrssmg satellltes problem Iose the core and vice versa ~ -

" '-\-‘\-

* Proper Ke\Vt srmulatlons + baryonlc physrcs are yet to be performed .

* Quantum effects — Fermionic pressure
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CONCLUSIONS and COI\/IPLICATIONS

Formation of haloes in WDM models dlffers from CDM.
Hybrid mechamsm - Top-Down & H|erarch|cal long distance & nearest neighbours
Looklng at hlgh redshlft gaIaX|es for T-D memory.

+ The exact recipe for structure formation seeTns to depend onIy on the morphology and
~ architecture of the env1ronment

£+ Quantum Pressure* Baryons and thelr phyS|cs

Warm dark matter haloes contain vAisibIe CauStics and shells.
_Galaxies that do not suffer mergers. | - |
~The turn over in PSD results in constant density core with charactériétic size.

Spurious fragmentation below the free streaming scale hard to overcome

$$ Adaptlve softening? o '

The velocity dispersion is crucial in describing V\rarm dark matter particles! ”
There is no universal one to one correspondence between mass and thermal velocity

Mass constraints on the particle’s'mass, are not accurate.



‘Outlook and Perspectives

R
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Phase space‘._d'en'sity'studies for dwarfs -

”"_High resol‘u‘»ti_,on,‘ha_los without mergers

~ High res‘oJ-.u'l?dhés-imul,atidns«o'f WDM + bafyons - .
Shells, caustics and 3.5keV line »
Simulations for different WDM particles (power spectré)ﬁ:

Softening and resolution scaling

Arcs in the sky and early supermassive.:blaf(;k holes
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