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Small-scale problems in CDMΛ

Figure 1 – Historical and current tensions between LCDM theory and observations of dwarf galaxies. We classify
these according to the level of tension/challenge they present to the cosmological LCDM scenario, after the critical effects of

baryonic physics have been considered. Left to right moves from ‘no tension’ to ‘strong tension’. The following sections
discuss each of the topics in this chart. We discuss the M⇤-Mhalo relation and the Too-big-to-fail problem in sections with those
respective names. We address the core-cusp problem and the diversity of rotation curves in the section: ‘Dark matter
distribution within dwarf galaxies’; the diversity of sizes in the section: ‘Baryonic distribution within dwarf galaxies’; and
satellite planes together with quiescent fractions grouped in the section: ‘Satellite dwarf galaxies’.

Alternately, on just the theoretical side, one can compare the predictions of different simulations regarding the relation
between galaxy stellar mass and dark-matter halo mass in the ultra-faint regime. Indeed, as discussed below, a careful look
into state-of-the-art numerical simulations that predict the correct number of MW-like galaxies and classical dwarf galaxies
suggests that their expected ultra-faint populations may differ, signaling an important theoretical uncertainty that persists. We
thus emphasize that our discussion of this relation between stellar mass and dark-matter halo mass is different from the others
in this review, because our comparison is only between different simulations, not (yet) between simulations and observations.

Fig. 2 shows the relation between stellar mass and dark-matter halo mass, where we collect the present-day relation
predicted from a sample of state-of-the-art cosmological simulations. Halo mass corresponds to the spherical radius within
which the average density is 200 times the critical density, the so-called virial radius. Where a different definition of halo mass
was presented in the published work, we convert those values using average mass-concentration relation from ref.70. On the left
panel, we include zoom-in simulations of MW-like or Local Group-like environments from various works: APOSTLE44, 71

from the EAGLE project72, Latte and ELVIS suites45, 65 from the FIRE-2 project73, Auriga74, NIHAO-UHD41, DC Justic
League75; or zooms of relatively large regions, like the Marvel Suite66. In all cases, we show only central (field) galaxies (not
satellites), which are located beyond a MW-mass halo within the zoom-in region and therefore have not been stripped of mass
like satellites have.

The numerical resolution of these simulations varies between a gas particle mass ⇠ 103 M� for the highest resolution case
(Marvel Suite), ⇠ 5⇥103M� for Auriga-L3 and FIRE-2, to ⇠ 104 for APOSTLE and NIHAO-UHD. The physics modeled
and its particular implementation also vary from code to code, often with differences in predictions far more impacted by these
physics choices than by numerical resolution. A detailed and fair account of the physics included in each simulation is beyond
the scope of this review. But each simulation included in Fig. 2 is a good example of the current state of affairs in galaxy
formation modeling with demonstrated successes in the prediction of MW-like galaxies with realistic sizes, morphologies,
kinematics, metallicities, star-formation rates, among other properties.

There is substantial overlap on the space spanned by different simulations, which is encouraging given the different codes
and hydrodynamical solvers involved. In general, models approximately follow the extrapolations (dotted/dashed lines) from
abundance matching relations76, 77 calculated from more massive galaxies. However, in detail, the slope and the scatter for
the stellar mass - halo mass relation may differ for each simulation. For instance, for a halo mass with M200c ⇠ 3⇥1010 M�,
simulations predict a dwarf galaxy within a stellar mass range spanning 1 dex, M⇤ = 108-109 M� despite the scatter intrinsic
to each model being quite small for that halo mass. Conversely, for a dwarf galaxy with M⇤ = [0.6,1.2]⇥106 M�, the median
halo masses predicted may differ by a factor ⇠ 4 between different models. We caution that a tight relation between halo mass
and stellar mass with small scatter, used for abundance matching of more massive galaxies, might not hold true for dwarf
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Identifying predictions that are robust to baryon physics crucial to discovery 
(star formation, stellar/AGN feedback, reionization, etc.)
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Structure of cold DM halos


• 30 yr old prediction of CDM: self-similar density profiles 
(Navarro+ 1997)


• Halo concentration scales linearly with mass + 30% scatter 
from assembly history (e.g. Dutton & Macciò 2014)


• Sensitive to cosmology and DM particle physics

The experiment

Ludlow
+ 2016

WDM

Bañares-H
ernandez+ 2023

fuzzy (axion) DMdecaying DM

Peter+ 2010
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A golden era for cosmology with galaxies 
Next-generation observatories data deluge:


• Euclid: deep + wide field high-res imaging  (  galaxies)


• Roman: very deep + wide NIR imaging (  galaxies)


• SKA: deep + wide high-res HI surveys (  rotation curves)

∼ 109

∼ 109

> 5 × 103 } Wide-field high-res HI surveys + NIR maps:


mass models of thousands of isolated galaxies 
(volume-limited) 

Solve for the density directly from the cold gas kinematics 

 ∇2Φ = 4πGρ

Lelli+ 2016

Iorio+ 2017



A golden era for cosmology with galaxies 

WALLABY Survey (Australian SKA Pathfinder)
Deg+ 2022

Deg+ 2022



1. Pick your favorite cosmological simulation and make testable predictions 

 synthetic experiments:


1. randomly select  halos 


3. inject noise according to 
uncertainties in 


5. fit  slope

103

N

(Mh, C)

C − Mh

Bolshoi (Klypin, STG, Primack 2010)

~0.5 million halos in observed mass range

STG
+ (in prep.)

detectable at ~40% precision

Can we do this experiment with current data?



Can we do this experiment with current data?

2. Compile all available galaxy mass models from the past ~50 years 

+

+

+

+ } 235 
extended rotation curves 

+ 
baryonic mass models

data accessibility is far from ideal 

Webplotdigitizer



Most simulations with dense ISM produce cores, but no agreement on extent

≠

cores from cosmological zoomscores from controlled experiments 
with resolved feedback

… or inner slope

Lazar+ 2020

… and real dwarfs do not always show cores

Santos-Santos+ 2019

3. Model effects of baryons on DM: need to solve galaxy formation first 😭 

Can we do this experiment with current data?



fit linear  relation + scatterC − Mh

compare to robust DM-only 
cosmological predictions infer galaxy-halo connection

galaxy formation

model selection + inference

cosmology 

model selection + inference

estimate posterior of  
assuming NFW

(Mh, C)

baryons   DM   total

estimate contraction 
 from RCηDM(r)

massive spiral:

assume contraction

keep only ‘pristine’ points 
with low ηDM(r)

estimate max. possible 
core radius

dwarf:

assume DM core

keep only ‘pristine’ RC 
points with r > Rcore

collect all existing rotation curves  
+  

baryonic mass models 



our experiment 

Robust statistical comparison of inferred  to model predictions: reject CDM hypothesis? C − Mh

Can we do this experiment with current data?

additional independent constraints (lensing, satellites) 



our experiment 

Robust statistical comparison of inferred  to model predictions: test SIDM hypothesisC − Mh

Can we do this experiment with current data?

SIDM (Yang+ 2024 parametric model) 

produces high concentrations in dwarfs

via core collapse


cannot reduce concentration in massive spirals




Galaxy formation physics: infer the galaxy - halo structure connection


M
oster+ 2020

semi-empirical model

Artale+ 2018

hydro simulations

 also Lehmann+ 2017, Matthee+ 2017, Bose+ 2019, Bradshaw+ 2020

abundance matching

Cam
pbell+ 2018

robust prediction of all models

Can we do this experiment with current data?

our experiment



 scatter4σ

      Mass-concentration distribution in Bolshoi simulation

Using single objects to test CDM
 Do dense dark strong lensing perturbers break CDM?  🤯 

dense perturbers



Using single objects to test CDM
Do DM-deficient galaxies break CDM?  🤯 

the extreme low-density tail 
of the diversity problem 

CDM: 
expect <10-30 objects 

in survey volume

Mancera-Piña+ 2022

 scatter4σ
dense perturbers

UDGs



Conclusions

• Need more clean tests of CDM that avoid baryon physics


• Next-gen kinematics surveys of  galaxies ideal for testing DM models


• Feedback-independent constraints from current data:


1. halo concentration correlates with mass, but slope  steeper than CDM


2. SIDM fits high concentration dwarfs but not low concentration massive spirals


3. signs of strong connection between galaxies and halo structure

> 103

> 3σ


