Title: Understanding Dwarf Galaxy Evolution to understand Dark Matter
Speakers: Ferah Munshi

Series: Cosmology & Gravitation

Date: October 24, 2023 - 11:00 AM

URL.: https://pirsa.org/23100108

Abstract: Low mass galaxies challenge our picture of galaxy formation and are an intriguing laboratory for the study of star formation, feedback and
dark matter physics. | will present results from high resolution, cosmological simulations that contain many (isolated) dwarf galaxies [the MARVEL
dwarfs] as well as satellite dwarf galaxies [the DC Justice League]. Together, they create the largest collection of high-resolution simulated dwarf
galaxiesto date and the first flagship suite to resolve ultra-faint dwarf galaxies in multiple environments. This sample spans awide range of physical
(stellar and halo mass), and evolutionary properties (merger history). | will present results and predictions constraining star formation, feedback and
dark matter physics soon testable by telescopes like IWST, Rubin's LSST and the Roman Space Telescope. Finaly, | will present new work on
measuring galaxy shapes and the diversity of rotation curvesin the dwarf galaxy mass regime which may be used to distinguish dark matter model.

Zoom link: https://pitp.zoom.us/j/990384114367pwd=0Fd1SEdUUX JkKdONLeWtrTUXxGROFCUT09
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Galaxies are collections of stars, gas (“baryons”) and
dark matter

The Galaxy's sparse, faint halo of stars is »
roughly spherical, some 200 kiloparsecs Dwarf galaxy.

across and only about 10? solar masses.
Stars in the outer halo are very old; those
in the inner halo are slightly younger.

URSA MAJOR I
Dwarf galaxy.

DARK-MATTER HALO

The Galaxy's largest component is roughly
spherical, several hundred kiloparsecs across,
about 1012 times the mass of the Sun —

and completely invisible.

’ DISK
&= This most photogenic part of the Galaxy

contains the spiral arms, is 30-40 kiloparsecs
across and about 5 x 1010 solar masses.

SUN

The Large and Small
Magellanic Clouds

are the biggest known
dwarf galaxies, which
probably formed in the
denser clumps of the
dark-matter halo. About
two dozen are known,

BUBBLES

including Segue 1,
Ursa Major Il and the
Sagittarius dwarf.

|

A

Back-to-back jets of energy erupted from the
Galaxy's central black hole some 10 million
years ago, forming two bubbles of hot gas that
extend about 7,600 parsecs above and below
the galactic plane.

Y

The Sagi Recent data are illuminating the Milky Way's
by the Milky Way's gravity, with its stars strung structure, including its bright disk and

out along its orbit. Many other streams from the fainter features surrounding it.
long-dead dwarfs loop through the outer halo.

http://www.nature.com/néws/galaxy-formation-the-new-milky-way-1.11517
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What is (L)CDM?

 Non-baryonic= made up of
matter other than protons,
neutrons

« Cold= velocity far less than
the speed of light (slow)

* Dissipationless= cannot
cool via radiation

* Collisionless= particles
interact via gravity

AcCcelerated Bgpansion of the Uiniverse

Relic radiation (CMB)

image: Coldcreation

Simple model with a few assumptions that describes many scales- from large scale structure to individual galaxies- “self-
similar” across scales
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Ultra-faints in isolation
MARVELous Dwarfs

’ .-1
- L

The DC Jdsti

8
: ¢ | \ /
A b a " “ “ou, !
3 % /.- B
¥ .
- 4 ‘ L

Y

The ROMULUS
Simulations® -

Dwarfs (and UDGs) across environments
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MARVELous Dwarf Volumes + Justice

League Dwarfs = 2171 High-resolution
simulated dwarfs
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In mass, the majority of a galaxy is dark matter; dwarfs are dominated by dark
matter

FEEDBACK (baryonic physics/galaxy formation) can imprint its
affects on all three components

2=2.1 t=3250" Myr .
e ..
- .‘. .

b

irsa: 23100108 Page 7/41



In mass, the majority of a galaxy is dark matter; dwarfs are dominated by dark
matter

FEEDBACK (baryonic physics/galaxy formation) can imprint its
affects on all three components

Hot gas explodes out of
young dwarf galaxies

Simulation by Andrew Pontzen, Fahio Governato and
Alyson Brooks on the Darwin Supercomputer, Cambridge UK.

Simulation code Gasoline by James Wadsley and Tom Quinn
with metal cooling by Sijing Sheng.

Visualization by Andrew Pontzen.
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Feedback is necessary to form realistic*
galaxies.

*realistic= look like observed galaxies in basic properties

Stellar e.g. winds from massive stars

P

Feedback Supernova

Black Hole e.g. AGN feedback

Depending on mass of galaxy, different sources have varying importance
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There is No Small Scale “Crisis” for CDM

CDM= cold dark matter, WDM= warm dark matter, SIDM= self-interacting dark matter

“challenge” CDM+ baryons WDM SIDM

Bulge-less disk galaxies Governato+ 2010; Brook+ 2011

Pontzen & Governato+ 2012;

The Cusp/Core Problem PRt it

Zolotov+ 2012; Garrison-

Too Big to Fail Kimmel+ 2015

Missing Dwarfs

v
Diversity / ?

Planes of Satellites Still to be explored/contentious Buck+ 2016; Ahmed+ 2017

Missing Satellites Brooks+ 2013; Buck+ 2019

Maccio+ 2016; Brooks+ 2017

NN\

Santos-Santos+ 2018; Munshi+
2021

NN X

**Scorecard adapted from A. Brooks
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There is No Small Scale “Crisis” for CDM

CDM= cold dark matter, WDM= warm dark matter, SIDM= self-interacting dark matter

“challenge” CDM-+Baryons WDM+Baryons SIDM+Baryons
Bulge-less disk galaxies
The Cusp/Core Problem

Too Big to Falil

Missing Satellites

Missing Dwarfs

~ NN\

Diversity

NKSSK
LR

Planes of Satellites Still to be exp|0red

**Scorecard adapted from A. Brooks
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Supernova explosion/feedback

Dark matter
particle

Dense, star-
forming gas

Gas driven away Gas cools & Force returns to
from centre flows backin | original
™ strength...
Gravitational force o
insufficient roi .
: O: .
N\ 4. <o
o 8 /\
." w .'_ 1
... but is weaker at large
L Particle migrates distances, so the particle
cannot be pulled back
outwards : :
T to its old orbit.
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Process can repeat. Analytic arguments and simulations
show effect accumulates with each episode.

Pontzen & Governato 2012 & 2014

Page 13/41



Supernova explosion/feedback

2=6.03t=0.98 Gyr

Force returns to
Dark m [ N N e D [ | original
partig strength...
ﬁ)it
@0_\ £,

.. but is weaker at large
Dense, star- istances, so the particle
forming gas cannot be pulled back

to its old orbit.
A

Pontzen & Governato 2012 & 2014
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Repeated feedback events => flattening of DM core

Does average burstiness of star formation history (SFH) correlate with DM

? . . .
Slope : Yes, if you consider all of cosmic history; depends on feedback model
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Results from OU grad Bianca Azartash and GMU grad Anna Engelhardt
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Relation to Age Gradients in Dwarfse

gradient, has core No gradient has core recent SF erases gradiegt
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Core formation is the result of continued bursty SF. This drives age gradients in dwarf galaxies.
However, dwarfs with **recent** SF can have their age gradients erased, despite having a core.

Lack of age gradient does not mean the galaxy does not have a core

See also Graus+ 2019, El-Badry 2016
Comparison to obs, metallicity gradients in: Taibi+ 2022 Riggs, Munshi & Brooks, in-prep
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Key Problems

Can we continue to understand the formation and evolution of
dwarf galaxies in a vanilla CDM + baryons model?

With baryons, many DM models can solve all the problems. Can we
find a way to distinguish them®@
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Relation to Age Gradients in Dwarfse

gradient, has core

No gradient has core
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Core formation is the result of continued bursty SF. This drives age gradients in dwarf galaxies.
However, dwarfs with **recent** SF can have their age gradients erased, despite having a core.

Lack of age gradient does not mean the galaxy does not have a core

See also Graus+ 2019, El-Badry 2016

Comparison to obs, metallicity gradients in: Taibi+ 2022
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Riggs, Munshi & Brooks, in-prep
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Key Problem #1

Can we continue to understand the formation and evolution of dwarf
galaxies in a vanilla CDM + baryons model?

Solve ALL of thesthings!

irsa: 23100108 Page 19/41



L ] L] L] T I L} L} L} F T T L} I T L L}
o I Photographic Digital
.E 60 sur\lfeys sur\IJeys
8 I ' I 1 1 |
s I
{=)] B 4
t B § :
g 50| | Rubin, Roman, JWST
T - |
> - 4
= e Mostly Ultra-faint dwarfs ]
; - Ms‘tar below 105 MSl.lI’l 1
s | i
Y 30 _
1] 3 4
o - 5 |
T : |
e | & j
S 20f N S N
S i & N ;
7] i ) S S 7
£ i g ~ D i
- - ‘9 0\\\ & -
€ 10 ) ¢ S
o L C} ~ .
0 1 I L L L I L 1 L t 1 L L I L L 1 i >
1940 1960 1980 2000 2020 2030

Pirsa: 23100108 Page 20/41



It is commonly assumed that ultra-faint dwarfs are “simple”
systems

® They're old- reionization truncated their star formation

e The least massive/faintest live in the least massive dark
matter halos, but they are extremely dark matter
dominated.

e Their abundance can tell us something about dark matter-
the smallest halo that can host a galaxy depends on DM
model
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Astrophysical constraints on dark matter: the
importance of UFDs

If galaxies in this mass range are e
observed to have large cores, then o Llnidinie i %
maybe something beyond CDM is 004 & e s COTEd . %%
FIRE: Chan et al. (2015) a
necessary b v ..“ “io. ..
—(0.5 1 4 Relatores et al. (2010) ~ r’
Adams et al. (2014)
= Simon et al. (2005) .}:.. R . *®
PS4
10010t 10010810t 100100 10t

Matar [M.]

Figure from my grad student, J. Van Nest
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With a simulation sample like this, we can begin to
constrain:

1. The abundance of ultra-taint dwarfs
2. How they populate dark matter halos

Dwarf Galaxy Volume: “Cpt Marvel”

Run on NASA Supercomputer “Pleiades” made available by the NASA High-End Computing (HEC)
Program through the NASA Advanced Supercomputing (NAS) Division at Ames Research Center

Alyson Brooks (Rutgers University)

Jillian Bellovary (Queensborough Community College)
Charlotte Christensen (Grinnell College)
Ferah Munshi (University of Oklahoma)
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Any
predictions
you make
depend on
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feedback
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Munshi+ 2019
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Why haven't we worried before?

— Pdm 1 Pg . P:
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e = 1000 cm ™3

R (kpc) .
Benincasa+ 2016

Star formation and feedback self-regulate at classical dwarf masses and
above.
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s there a way to differentiate SF modelse
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to varying thresholds for forming stars
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V-band magnitude
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Munshi, Brooks, Applebaum+, 2021
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V-band magnitude
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In simulations, occupation fraction is inherently resolution

dependent.
1.0 Assume "dark" below:
— |Og IVlstar =4

s —— 10g Mgtar = 5
O 0.6 - s— Iog Mstar =6
8 |Og Mstar — 7

Y :

o44 L 4y r | - 1 star particle

0.2-

0.0

7 8 9 10 11

Iog Mpeak [M © ]

Munshi, Brooks, Applebaum+ (2021)
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If we assume that halos that are “dark” are actually host
a galaxy below our resolution limit..

g/ Faint end slope of the SMHM
*steepens* . ¥ 3

...scatter at the faint end remains similar

85 90 95 10.0 105 11.0
log Mpeak [M g ]

Munshi, Brooks, Applebaum+ (2021)
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Growing Scatter in the SMHM steepens the faint-end SMF!

Munshi, Brooks, Applebaum+ 2021
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V-band magnitude
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This is in tension with previous work at lower resolution!
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Can we continue to understand the formation and evolution of dwarf
galaxies in a vanilla CDM + baryons model?

| have created a statistical sample of simulated dwarf galaxies in order to interpret Local Volume
observations and prepare for JWST/Roman/Rubin/LISA in the context of DM science
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Can we continue to understand the formation and evolution of dwarf
galaxies in a vanilla CDM + baryons model?

| have created a statistical sample of simulated dwarf galaxies in order to interpret Local Volume
observations and prepare for JWST/Roman/Rubin/LISA in the context of DM science

To constrain DM model, we must understand the impact of baryonic physics on galaxy
formation:

* interplay between star formation and feedback has ramifications on: stellar to
halo mass relationship- its form and scatter, satellite mass functions, stellar
mass function
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SIDM Dwarfs: smoking gun in rotation curves?

New velocity dependence based on latest literature

New CDM/SIDM dwarfs fill in parameter space: MARVELous Merian

Magellenics
¢ SPARC (2016) p
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Corresponds to a light mediator model/Yukawa potential [att=attractive, rep=repulsive]
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*preliminary result

208 SPARC (2016) -
e DCIL
00 4 @ Marvel
Romulus
?ﬁ» 80 -
é New Romulus Zooms
g 801 seem to “solve” the
s diversity problem in
10 - CDM+ baryons
20 - HYPOTHESIS: this |is due to subgrid SF modeling
0 ' , . T ; :
0 20 40 61 all] 100 120

\"rnm T [kln/ 5]

Cruz, Munshi, Brooks + in prep
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The Future i1s Dwarfy

Merian Survey

Pls: Alexie Leauthaud (UCSC) and Jenny Greene (Princeton)
NSF-funded NOIRLab survey on DECam

100,000 star forming dwarf galaxies with 108 < Msiar < 107 M@
0.06 <z<0.1

——» Galaxy-Halo connection at ~LMC mass for the first time!

Merian honors 17th century Maria Sibylla Merian (1647, 1717), the first female entomologist and naturalist. Her fascination with the world of tiny things combined with unique observational skills
led to a number of important discoveries, including the previously unknown metamorphosis of caterpillars into butterflies.
Y
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SIDM Dwarfs: smoking gun in galaxy shapes?

Expectation: SIDM makes spherical galaxies due to interactions in the center; CDM makes
triaxial galaxies

Implication: Galaxy shape follows dark matter halo shape (regardless of DM model)

N

Let’s test this

1.0

L

® Dark Matter e Stellar v Satellites

0.0 . . .
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Van Nest, Munshi+, in prep
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SIDM Dwarfs: smoking gun in galaxy shapes?

Expectation: SIDM makes spherical galaxies due to interactions in the center; CDM makes
triaxial galaxies

Implication: Galaxy shape differences are measurable +———— Let’s test this
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SIDM Dwarfs: smoking gun in galaxy shapes?

triaxial galaxies

Implication: Galaxy shape differences are measurable «———— Let’s test this
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Expectation: SIDM makes spherical galaxies due to interactions in the center; CDM makes

Van Nest, Munshi+, in prep
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Ny — Measuring Dark Matter Physics usin mological Simulation

nome message: My current

. - Q] i i ifi G te Initial Conditions +
1 of simulations has significant ey e )

‘power for current & upcoming 1

CDM

je of galaxy formation topics. RoalyzeSislaion O

order to interpret the upcoming |
th of data, significant study needs Translate to Observable
s Parameter Space (v'v'Y)
- done to understand galaxy .
mation in particular to constrain DM. | sk ool it g
j Where my WOI‘k comes in' Efficiently Model Observables 3

- bl 4] . #
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g
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1 Keftobs(@rens) Ket obs(@lens)
I Compare to Data (v'v¥) | P(CDM,@ens|Kemrobs)  POWDM,Brens|Ketrobs)

Need #1: Collaboration between simulators and particle theorists

Need #2: Algorithm development and code comparison tests

Need #3: Hydrodynamic simulations for observational targets

Need #4: Compare simulations to data in observable parameter space

Need #5: Fast realizations of observed systems to constrain dark matter

Need #6: Provide guidance to observers about dark matter signatures

From the Snowmass cosmic frontier numerical simulation white paper
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