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The IllustrisTNG Simulations – Illustris Update

   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, Weinberger 
(HITS/MPA)

Genel 
(CCA)

Vogelsberger, Marinacci, Torrey 
(MIT)

Pillepich 
(MPIA)

Hernquist, Naimann
(CfA)
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IllustrisTNG: Galaxy Clustering

two-point 
correlation 

function

Springel+ w/ MV 2018 good agreement with observational data



  

IllustrisTNG: Galaxy Clusters

MV+ 2018

iron abundance CC/NCC dichotamy

split in CC 
and NCC

metallicity
profiles



  

TNG50 + TNG100 + TNG300: Predictions for the JWST Era

MV+ (in prep)

luminosity
functions

preliminary

dust-to-metal ratio
best-fit based on
Monte Carlo dust-
radiative transfer



  

Beyond IllustrisTNG: Explicit Stellar Feedback / Multiphase ISM in Arepo

Marinacci, Sales, MV, Torrey (in prep)

● cooling down to 10K
● SN feedback (energy and momentum)
● radiative feedback from massive stars

(photoionization and radiation pressure)
● feedback from OB stars and stellar winds

preliminary

[see also Laura’s talk]



  

Beyond IllustrisTNG: Galactic Dust in Arepo

McKinnon, Torrey MV+ 2016, 2017

McKinnon, MV+ 2018

● tracks grain size distribution
● models dust-gas and dust-dust interactions
● coupled to stellar evolution model
● coupled to radiation-hydrodynamics (Arepo-RT)



  

Beyond IllustrisTNG: Radiative AGN Feedback in Arepo

Barnes, Kannan, MV, Marinacci (in prep)

Kannan, MV+ 2018 (Arepo-RT)

-1500  -750   0   +750  +1500

preliminary

● radiation pressure on live dust
● accounts for thermal sputtering
● different dust profiles[see also Rahul’s talk]



  

CDM Problems?

Problems:

● core/cusp problem

● missing satellites problem

● diversity problem

● plane of satellites problem

● (generic WIMP has not been detected so far)

Solutions:

● baryonic feedback (many problems have been identified in DM only simulations)

● systematic uncertainties in observations

● DM is not exactly CDM



  

CDM Problems?

Problems:

● core/cusp problem

● missing satellites problem

● diversity problem

● plane of satellites problem

● (generic WIMP has not been detected so far)

Solutions:

● baryonic feedback (many problems have been identified in DM only simulations)

● systematic uncertainties in observations

● DM is not exactly CDM

for the rest of the talk: assume that DM is not CDM



  

Going beyond CDM: Candidates

Warm Dark Matter?

Self-Interacting Dark Matter?

BECDM?

...?



  

Self-Interacting Dark Matter



  

SIDM simulations alleviate the 
tension with TBTF problem

Self-Interacting Dark Matter: Implications for 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
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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 baryonic disks 



  

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]

stellar density profile correlates with 
central cross section leading to 

lower central densities for models 
with larger central cross sections

[see also Harvey+ 2018]



  

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 physical 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 Subhalos

addresses missing satellites and TBTF problems 

subhalo 
abundance

circular velocity 
profiles

MV+ 2016



  

ETHOS: The High-Redshift Universe

ETHOS models consistent with optical 
depth and high redshift luminosity 

function measurements

Lovell, Zavala, MV+ 2018

z

gas
temperature



  

Inelastic SIDM: Two-State SIDM Model

How does structure formation change 
if we allow for inelastic collisions?

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

energy 
distribution

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 



  

Subhalo Properties

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



  

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 

implications for cross 
section constraints?

MV, Zavala, Schutz, Slatyer 2018



  

Addendum: Ultralight Axions – BECDM – Fuzzy DM

Mocz, MV+ 2017

Mocz+ w/ MV (in prep)



  

● CDM galaxy formation simulations reproduce observed galaxy population on large scales
(e.g., clustering, luminosity functions, etc.) 

● inelastic SIDM creates larger density cores for the same cross section normalization 
(i.e. can create same core sizes as elastic models with smaller cross section normalization)

Summary

● SIDM can alleviate outstanding small-scale CDM problems 
(e.g., too-big-to-fail problem, diversity problem, etc.)

● ETHOS: self-consistent SIDM models with modified initial conditions
(i.e. early and late self interactions)

● More SIDM simulations with baryonic physics

● Retuning of feedback physics?

Future?

● How to distinguish baryonic feedback effects from alternative DM?
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