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JEMOTIVATION

e (old Dark Matter (CDM) Model TSK small-scale data

o Gravity-based interactions
e Two big questions:

o How do different particle physics structures affect the structure of dark matter halos?
o How does this structure compare to observational data?

D. H. Weinberg et al, Proc. Nat. Acad. Sci. 112, 12249 (2015) 2



JNOUTLINE

Overview + Introduction: Meg
Fractional Model: Darren
Dissipative Model: Hannah
Annihilating Model: Tobias



WHAT IS SPH? WHY IS IT IMPORTANT?

Smoothed - particles smeared by smoothing kernel.
Particle - using fluids treated as a collection of particles.

Hyd rodynamics - solving Euler’s equations for hydrodynamics.

Image from: Calculate the Probability Under a Normal Curve (P Kazarinoff, 2021)

-Small h -Large h

h = smoothing length Smoothing Kernel - how particles are localized in position

J. J. Monaghan, Ann. Rev. Astron. Astrophys. 30, 543 (1992). 4



QUESTION FOR THE AUDIENCE
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Q: If mass is constant, how does the
smoothing length (h.) increase?

S. Tulin and R. Blaff, Life and Death of Dark Matter Halos, 14 (2021).



THE SPHERICAL PACKAGE

Created by professor Sean Tulin and Reuben Blaff
Properties of each shell, i:

o mass,m

o radius, .

o radial velocity, v.

o internal energy, e

o smoothing length, h
Base of all models included in today’s presentations
Assumes spherical symmetry

Image From: Application of net radiation transfer method for
optimization and calculation of reduction heat transfer, using spherical
radiation shields (M. Torabi, 2010)



FRACTIONAL

Darren Singh



WHAT IS THE FRACTIONAL MODEL?

e Ffractional Model - Subhalos of more than one DM species
o Tested CDM and SIDM mix

CDM SIDM
e Cold Dark Matter Self-Interacting Dark Matter
e [Does not self-interact Elastic Scattering
e NFW, Cuspy Profile Cored Profile

¥ = Dark Matter Particle
XX = XX



MNHOW IS IT IMPLEMENTED?

e [nsemble object creates mixed subhalo
e Heat conduction term allows for heat transfer with SIDM scattering

o “ = Heat Transfer, “ = Equilibrium

Shell'i
Shell j

<> Time
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QUESTION FOR AUDIENCE

e Whyisit that the positions of the innermost SIDM shells increase as time goes on, but the
positions of the innermost COM shells do not change much as time goes on?

Particle Positions of 10 Innermost Shells vs Time (f=0.6, s/m=5)

NOTES
e Solid=CDM
e [Dashed = SIDM
HINTS

e SIDM = Collisions
e (ollisions = Energy (Heat] Transfer
e  More Energy = More Velocity

Time (Gyr)



Position (kpc)

SOMETHING TO KEEP IN MIND

e Resolution Issue

Particle Positions of 10 Innermost Shells vs Time (f=0.6, s/

Time (Gyr)
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Density Profile (f = % of SIDM, time = 7 Gyr, s/m = sigma / m)

100

Distance (kpc)




WHAT IS A ROTATION CURVE?

e Anplot of circular velocity vs radial distance
e Total Rotation Curve: Includes Dark and Baryonic Matter
e DM Rotation Curve: Only Dark Matter

e Circular Velocity: ‘/C — \/G *Menci(T)

T



DWARF GALAXY IC2574
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Highly cored galaxy

O

90% of mass is Dark Matter

radius (kpc)
Credits: Kaplinghat et al (2015]

ROTATION CURVE OF 1C2574

Solid = SIDM Halo

Dashed = Gas Disk

Dotted = Stellar Disk

Orange = SIDM Fit to Total Rotation
Curve of IC2574



SIMULATION RESULTS

e Simulated several fractional dark matter halos similar to IC2574

o Fractionof SIDM (f) = 01,02,0.3,04,05,06,07 08,09
o Cross Section per unit mass (sigma / m) = 5,10, 20, 50 cm?/g
o Time=70yr

e |C2574 data obtained from The HI Nearby Galaxy Survey (THINGS)



RESULTS AND COMPARISON

Smoothed Rotation Curves (f = % of SIDM, time = 7 Gyr, sigma / m = 50, -- = DM Circ Vel, Solid = Total Circ Vel)
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IEWHAT'S NEXT

e finetune parameters
e longer simulations can be done (10+ Gyr)
e Different combinations of input parameters can be tested (cross section per unit mass, number of
shells, etc))
e Ffractional models with species other than just SIDM and CDM can be explored
o Stay tuned for more on other species

16



DISSIPATION

What is it?
Why?

How does it influence the time evolution of DM halos?

Hannah Vormann



JNEDISSIPATION

e Inelastic scattering:
e ¥X:. DM particle
e (p: "dark” boson, e.g. "dark photon”

X /X energy loss!

— Vioss

Eloss

m



JEMOTIVATION

e “dark" Standard Model + possibility for S
-> Intuition: also dissipation
e completely dark subhalos

© no constraints on density profiles yet
o "tune” predictions with dissipation:
opposite effect of Sl
e formation of supermassive black holes

19



EEFECTS OF DISSIPATION ON DM HALOS

e o/m=5cm"2/g v, =1km/s

e o000 e initial density profile
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JNCOMPUTATIONAL SETUP (1)

e cooling rate:
2

v

nE o 4vV? Ve __loss

C = loss :pz loss 1 Bis lozss e 2
Ly m v V

® (. Cross section
e V:velocity dispersion

Essig et al. Phys. Rev. Lett. 123, 121102 (2019)
2l



COMPUTATIONAL SETUP (2)

e ():thermal average over Boltzmann distribution
of v

rel

o with restriction V. >, Vi

| S

— add energy loss in SPH equations: de C

dt P
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FREE PARAMETERS

Inner 20 shells, & =6 cm?/g; Vjpss= 0.1 km/s
- Dissipative DM, ---- CDM

e o/m

V
loss

: Why Is
there no significant
effect for relatively
small and highv, 7
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0.002 0.004 0.006 0.008 0.010
time (Gyr)




DISSIPATION AND SELFINTERACTIONS (1)

time evolution of small subhalos for 1 Gyr
candidates for completely dark subhalos

start with (truncated) NFW profile

200 shells

CDM vs SIDM vs dissipation vs Sl + dissipation
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DISSIPATION AND SELFINTERACTIONS (2)

e position of inner 20 shells:

Inner 20 shells, 25 cm?/g
Mior = 32838.4654268326 Mo

—— SIDM —--- CDM
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DISSIPATION AND SELFINTERACTIONS (3)

e internal energy of inner 20 shells
dissipation

Inner 20 shells, Z =5 cm?/g Inner 20 shells, & =5 cm?/g, Vigss = 1 km/s Inner 20 shells, & =% =5 cm?/g, Vipss = 1 km/s
Mtor = 32838.4654268326 Mo Mtor = 32838.4654268326 Mo Mior = 32838.4654268326 Mo
—— SIDM  --- CDM —— dissipation ~--- CDM —— Sl + dissipation ~ --- CDM
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heat is lost BUT work (contraction) is done



DISSIPATION AND SELFINTERACTIONS (4)

9 =2 =5 cm?/q, Vipss =1 km/s
& My = 32838.4654268326 Mg —>-
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DISSIPATION AND SELFINTERACTIONS (5)

' =5 cm?/Q, Vince =1 km/s

m
< Mot = 5310518178.746441‘@

resolution
Issue

—— Sl + dissipation
—— dissipation
—— SIDM

-—-- CDM
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iImpact
relative to Sl
depends on
size




CONCLUSION & OUTLOOK

e dissipation — inner region: T1, p1
e negative h: gravothermal collapse

o too early...
e future: longer runs

o constraints on free parameters by Essig et al.

29



(EXTRA SLIDES
DISSIPATION)



TIDAL STRIPPING OF SUBHALOS IN A BIGGER HOST HALO

Tidal stripping (constant tidal field strength)

L PR

N L. 1

I =+ s I & . o r
[ t=0Gyr Y. e t=1.27 Gyr : gy t=8.05Cyr density profile evolution
| foouna=0.988 (*g e | fen=0722 3 | f,,,=0.490

suhhalo in
| circular

I orb\lt

H + H—
t=5,68 Gyr ] VTN t=7.72 Gyr
fooune=0.362 ! ol f,,,=0.286

NFW profile
-> use as initial profile for our
adapted from: Zavala, Frenk Galaxies 7(4), 81, (2019) simulations of dark subhalos!




GRAVOTHERMAL EVOLUTION
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ANNIHILATION

N



WHAT IS ANNIHILATING DARK MATTER?

2 DM particles collide/interact and annihilate
X: DM particle, f: fermion
@: dark boson (i.e. dark photon)
Different models:
o DM/anti-DM annihilation: x + X > 2 ¢ [1]
o Collision of DM WIMPs: x + X = f+ f, W*+ W~ elc. [2]

[1]: Salati (2014), arXiv:1403.4495
[2]: Dutra et. al. (2018), arXiv:1801.05447 34



HOW TO IMPLEMENT ANNIHILATION

e Annihilation rate per particle: T' = n - (g |v|) = (°/m) - (a|v]) 3]
o n:number density, p: mass density
o m: DM particle mass, M: shell mass

e (o lvl)has velocity dependence of:

o Swave: Y

o Pwave: v . .
® General:vx=><0'|v|> =0 'V
® Mass loss within shell:

dM/dt:_M.F:_M.p.(o"/m),vx

[3]: Kaplinghat et. al. (2000), arXiv:astro-ph/005210 35



Compressions

Amplitude

Wavelength

Undisturbed medium

https://i.stackimgur.com/JplgB.png
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HOW TO IMPLEMENT ANNIHILATION

e Annihilation rate per particle: T' = n - (g |v|) = (°/m) - (a|v]) 3]
o n:number density, p: mass density
o m: DM particle mass, M: shell mass

e <o lvl) has velocity dependence of:

o Swave: Y

o Pwave: v . .
® General:vx=><0'|v|> =0 'V
® Mass loss within shell:

dM/dt:_M.F:_M.p.(o"/m),vx

[3]: Kaplinghat et. al. (2000), arXiv:astro-ph/005210 37



HOW TO IMPLEMENT ANNIHILATION: PROBLEMS

» . v — 10—29 cm?
e [3]: promising results with S wave (V) and (o] l)/m =10 c /GeV
e (o V) givenin units of o (missing velocity units)

o Solution: multiply with c
o For consistency: v - v/c
e \With that: units correct!

e But: Time evolution crashed (mass or position negative)

o Solution: smaller time steps
o Manually set to zero when negative
o [Different methods for time evolution

38



RESULTS: FIRST GYR

t=1.00000

NFW
Annihilation,
Annihilation,
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Annihilation, 1e-4.000000
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RESULTS: FIRST GYR

t = 0.00000
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NFW
Annihilation, == 1e-10.000000

Annihilation, &= 1e-8.000000
Annihilation, == 1e-6.000000
Annihilation, &= 5.7e - 06

Annihilation, 2= 1e-4.000000
Annihilation, &= 1e-2.000000




RESULTS: FIRSTGYR [
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Question: Why does the density behave “erratic” at small radii?

— NFW

—— Annihilation, Z= 1e-10.000000
Annihilation, 2= 1e-8.000000

— Annihilation, &= 1e-6.000000

— Annihilation, &= 5.7e - 06

—— Annihilation, 2= 1e-4.000000

—— Annihilation, Z= 1e-2.000000




RESULTS: FIRST GYR (INNER 20 SHELLS)
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RESULTS: FIRST GYR (INNER 20 SHELLS)

time (Gyr)
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FIRST GYR (MIDDLE 20 SHELLS)

RESULTS
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Why do the shells move outwards

QYuestion
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RESULTS: FIRST GYR (MIDDLE 20 SHELLS)
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RESULTS VS PREDICTION

t = 0.00000
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RESULTS: DENSITY PROFILE (AGE OF THE MILKY WAY)
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RESULTS: PROBLEMS & OPEN QUESTIONS

e Annihilated mass “ignored”

o No equilibrium state
o Search for way to include annihilated mass in model
e Study of P wave annihilation

49



THANK YOU
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