
  

Simulating Structure Formation Simulating Structure Formation 
Beyond CDMBeyond CDM

Mark Vogelsberger

Dark Matter Identification: Connecting 
Theory and Signature Space
April 2019, Mainz



  

Introduction:

The Galaxy Formation Problem 



  

Galaxy Types



  

How?
complexity of the problem requires cosmological simulations:

● model dark matter, dark energy, and baryonic physics

● include physical processes that shape galaxy formation 

● simulate statistically significant volume at high numerical resolution

● use accurate and efficient numerical methods 

● create mock observations to compare in detail with observational data

a predictive theory of galaxy formation that can be tested

Galaxy Formation Simulations: What is the goal?



  

solve the equations of galaxy formation physics initial 
conditions

virtual 
universe

The Framework



  

Dark Matter: backbone of galaxy formation

Baryonic Matter: galaxy population

?halo/stellar 
mass function

halo / stellar mass
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Two Approaches: Bottom-Up vs. Top-Down

Bottom-Up: Top-Down:

model small scales: approach large scales model large scales: approach small scales

+
more detailed modeling of physical processes

-
limited  statistics to confront with observations

+
lots of statistics to compare with data

-
rely on rather crude sub-resolution models

e.g., ERIS, FIRE, AURIGA, NIHAO, SILCC, APOSTLE, 
E-MOSAICS, FOGGIE, HESTIA

e.g., OWLS, ILLUSTRIS, EAGLE, HORIZON-AGN, 
MAGICC, MUFASA, MAGNETICUM, ILLUSTRIS-TNG, 
SIMBA



  

MV+  (Nature Reviews, submitted)



  

The Era Of Large-Scale Galaxy Formation Simulations:



  

Eagle
Simulation
(Schaye+ 2015)

The Era of 
Large-Scale Full Volume 

Galaxy Formation Simulations

Horizon-AGN
Simulation
(Dubois+ 2016)

Illustris
Simulation

(MV+ 2014)



  MV+ 2014 (Nature)

HST Illustris Simulation

Mock Observations



  




  

The IllustrisTNG Simulations

   Illustris galaxy formation model 
(MV+ 2013, 2014 Nature) 

+
novel low accretion rate AGN model

 (Weinberger+ w/ MV 2017)
+

MHD (Pakmor & Springel 2014)

Springel, Nelson, Pakmor 
(MPA)

Vogelsberger, Marinacci, Torrey 
(MIT)

Genel 
(CCA)

Pillepich 
(MPIA)

Hernquist, Weinberger, Naimann
(CfA)

m
aj

o
r 

u
p

d
at

es
IllustrisT

N
G

 Te am



  

IllustrisTNG: Galaxy Clustering

two-point 
correlation 

function

Springel+ w/ MV 2018



  

Impact of Baryons 

Springel+ w/ MV 2018

matter power 
spectra

baryonic physics 
modifies matter 
power spectra



  




  

Topology of Magnetic Fields

elliptical galaxies disk galaxies Marinacci, MV+ 2018



  

Modeling Radio Halos

`

radio-X-ray 
scaling

radio emission provides a 
probe of magnetic field strength

Marinacci, MV+ 2018



  

Beyond CDM:

The Frontiers of Modeling Dark Matter Physics



  

Beyond CDM: CDM Problems?

Problems:

● missing satellites problem

● core/cusp problem

● too-big-to-fail problem

● diversity problem

● plane of satellites problem

small-scale
CDM problems
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Beyond CDM: CDM Problems?

Problems:

● missing satellites problem

● core/cusp problem

● too-big-to-fail problem

● diversity problem

● plane of satellites problem

● generic WIMP not detected so far

Solutions:

● baryonic physics (most small-scale problems have been identified in DM only simulations)

● systematic uncertainties in observations / measurements

● DM is not exactly CDM

small-scale
CDM problems

‘fundamental’ 
problem



  

Beyond CDM: Dark Matter Alternatives

Warm Dark Matter?

Self-Interacting Dark Matter?

BECDM?

...?
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Warm Dark Matter?

Self-Interacting Dark Matter?
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...?



  

Self-Interacting Dark Matter



  

SIDM simulations alleviate the 
tension with TBTF problem

Self-Interacting Dark Matter: Implications for DM Subhalos

circular 
velocities

cross
section

MV, Zavala, Loeb 2012

Zavala, MV, Walker 2013

constant

velocity-dependent

can be achieved with constant and 
velocity-dependent cross sections

density
profiles

[see also Rocha+ 2013]



  

How often do SIDM particles scatter on average?

typically only a few scattering 
events per Hubble time are 
sufficient to create cores

MV, Zavala, Loeb 2012

large cross section

scatterings

smaller cross sections

mean free path
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~100 kpc mean free 
path in inner halo



  

“The severity of the problem … with the apparent failure of 
‘baryon physics’ to solve it begs for the consideration of 
various alternatives [like] ‘self-interacting’ dark matter,...”

OBSERVATIONS THEORY

CDM: The Diversity Problem

Oman+ 2015

[but see Santos-Santos+ 2018]



  

Diversity in SIDM?
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Creasey, Sales+ w/ MV 2017

increased diversity 
in SIDM simulations

[see also Ren+ 2018]

self-interactions allow lower V
circ

(2kpc) [low 
central densities in both baryons and dark 

matter]; high values of V
circ

(2kpc) still 
achieved with compact disks 



  

SIDM: DM + Baryons

dwarf galaxy within CDM and different SIDM 
models with baryons using Illustris 

(~IllustrisTNG) galaxy formation model

density 
profiles

stellar mass

stellar density profile correlates with 
central cross section leading to 

lower central densities for models 
with larger central cross sections

MV+ 2014



  

density 
profiles

stellar mass

MV+ 2014

SIDM: DM + Baryons

dwarf galaxy within CDM and different SIDM 
models with baryons using Illustris 

(~IllustrisTNG) galaxy formation model

Robles+ 2017 [SIDM + FIRE]



  

SIDM: Phase-Space Structure

MV & Zavala 2013



  

SIDM: Phase-Space Structure

MV & Zavala 2013



  

SIDM: Detector Signals

MV & Zavala 2013



  

ETHOS – Effective Theory of Structure Formation: Ingredients

I) Effective theory of structure formation (ETHOS) enables cosmological structure formation to be 
computed in almost any microphysical model of dark matter physics. 

II) Framework maps detailed microphysical theories of particle dark matter interactions into physical 
effective parameters that shape linear matter power spectrum and self-interaction transfer cross 
section of nonrelativistic dark matter.

Basic Idea:



  

ETHOS – Effective Theory of Structure Formation: Ingredients

damping 
+ 

DAO

dwarfs cluster

Cyr-Racine+ w/ MV2016

MV+ 2016

initial power 
spectrum

cross 
section

Initial Conditions

Self-Interactions

Effective theory of Structure formation 
(ETHOS) enables simulations in almost any 

microphysical dark matter model. Maps 
microphysics into effective linear matter 

power spectrum and self-interaction 
transfer cross section.



  

ETHOS: A Milky Way-like Halo Simulation

MV+ 2016



  




  

both CDM abundance and structural
problems can be alleviated simultaneously

ETHOS: Impact on Milky Way DM Subhalos

subhalo 
abundance

circular velocity 
profiles

MV+ 2016



  

ETHOS: Damping vs. SIDM

MV+ 2016

disentangling the 
impact of SIDM and 

power spectrum 
modifications

self-interactions do 
not change the 

subhalo abundance



  

ETHOS: The High-Redshift Universe

ETHOS models consistent with optical 
depth and high redshift luminosity 

function measurements

Lovell, Zavala, MV+ 2018

z



  

Inelastic SIDM: Two-State SIDM Model

specific model allows 
exothermic, but no 

endothermic reactions

cross 
sections

[see also Todoroki & Medvedev 2018]

MV, Zavala, Schutz, Slatyer 2018



  

exothermic reactions 
‘evaporate’ halo cores

Elastic SIDM Inelastic SIDM

Elastic vs. Inelastic SIDM

MV, Zavala, Schutz, Slatyer 2018

injected energy into halo 
due to level de-excitation

energy injection is 
equivalent to a few 100 

million supernovae type II 



  

Evaporation: Unbinding Dark Matter Particles From Halo

dimensionless energy distribution of 
gravitationally unbound particles 

energy 
distribution

unbound particles
due to de-excitation

MV, Zavala, Schutz, Slatyer 2018



  

Dark Matter Density Profile

MV, Zavala, Schutz, Slatyer 2018



  

DM Subhalo Properties

inelastic SIDM creates larger subhalo cores than 
elastic SIDM for the same cross section normalization MV, Zavala, Schutz, Slatyer 2018



  

Comparison to Elastic Models: Implications for Cross Section Constraints

an elastic model with a ~5 times 
larger cross section leads to a 

central density reduction similar 
to the inelastic model 

MV, Zavala, Schutz, Slatyer 2018

implications for cross 
section constraints?



  

Ultralight Axions – BECDM – Fuzzy DM – Scalafield DM

Mocz, MV+ 2017

Mocz+ w/ MV (in prep)

requires novel 
simulation 
techniques



  

● Galaxy formation simulations reproduce observed galaxy population
(e.g., clustering, luminosity functions, galaxy colors, chemical composition) 

Summary

● SIDM alleviates small-scale CDM problems: ETHOS framework, inelastic SIDM
(e.g., too-big-to-fail problem, diversity problem)

● More hydrodynamical simulations of alternative DM models

Future

● Main difference between Illustris and IllustrisTNG simulations: 
novel AGN feedback model and larger dynamic range (TNG50 → TNG100 → TNG300)

● BECDM is another interesting CDM alternative but numerically not well understood so far
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