
Draft version May 9, 2025
Typeset using LATEX twocolumn style in AASTeX631

How Many Bursts Does it Take to Form a Core at the Center of a Galaxy?

Olivia Mostow ,1 Paul Torrey ,1 Jonah C. Rose ,2, 3, 4 Alex M. Garcia ,1 Niusha Ahvazi ,11

Mariangela Lisanti ,4, 3 and Nitya Kallivayalil 1
2

1Department of Astronomy, University of Virginia, 530 McCormick Road, Charlottesville, VA 22903, USA3

2Department of Astronomy, University of Florida, Gainesville, FL 32611, USA4

3Department of Physics, Princeton University, Princeton, NJ 08544, USA5

4Center for Computational Astrophysics, Flatiron Institute, 162 5th Avenue, New York, NY 10010, USA6

ABSTRACT7

We present a novel method for systematically assessing the impact of central potential fluctuations8

associated with bursty outflows on the structure of dark matter halos for dwarf and ultra-faint galaxies.9

Specifically, we use dark-matter-only simulations augmented with a manually-added massive particle10

that modifies the central potential and approximately accounts for a centrally-concentrated baryon11

component. This approach enables precise control over the magnitude, frequency, and timing of when12

rapid outflow events occur. We demonstrate that this method can reproduce the established result of13

core formation for systems that undergo multiple episodes of bursty outflows. In contrast, we also find14

that equivalent models that undergo only a single (or small number of) burst episodes do not form15

cores with the same efficacy. This is important because many UFDs in the local universe are observed16

to have tightly constrained star formation histories that are best described by a single, early burst of17

star formation. Using a suite of cosmological, zoom-in simulations, we identify the regimes in which18

single bursts can and cannot form a cored density profile. Our results suggest that it may be difficult19

to form cores in UFD-mass systems with a single, early burst regardless of its magnitude.20

Keywords: Galaxy dark matter halos(1880) — Galaxy structure(622) — Cold dark matter(265)21

1. INTRODUCTION22

The current paradigm of cold, collisionless dark mat-23

ter plus dark energy (ΛCDM) has had a number of suc-24

cesses reproducing observations on the largest scales.25

For example, the distribution of galaxy clusters seen26

from large sky surveys are consistent with the predic-27

tions of cosmological N-body simulations which evolve28

the primordial fluctuations measured from the Cosmic29

Microwave Background to present-day using a ΛCDM30

framework (e.g., Springel et al. 2005; Reid et al. 2010).31

Yet, on smaller scales (i.e., the scales of individual32

galaxies), key tensions persist that bring into ques-33

tion whether a cold and collisionless dark matter (DM)34

species is indeed the best descriptor (Bullock & Boylan-35

Kolchin 2017; Sales et al. 2022).36

The small-scale tensions in Cold Dark Matter (CDM)37

generally arise from inconsistencies in the predicted38

structure, abundance, or distribution of galaxies as39

compared to observations—especially for low-mass sys-40

tems (Moore 1994; Sales et al. 2022). In the absence41

of baryons, CDM galactic halos are expected to fol-42

low Navarro-Frenk-White (NFW) profiles (Navarro et al.43

1996b), which feature a continuously rising central DM44

density (i.e., a DM cusp) with an inner log-slope dlog(ρ)
dlog(r)45

that approaches −1 at small radii. By contrast, it46

is observationally inferred that some nearby low-mass47

galaxies have a flattened inner DM density (i.e., a DM48

core) (e.g., Walker & Peñarrubia 2011; Oh et al. 2015;49

Almeida et al. 2024; Vitral et al. 2024). This discrep-50

ancy between predictions and observations is referred51

to as the “core-cusp problem.” It is related to the “di-52

versity problem” (Oman et al. 2015), which refers to the53

fact that the circular velocity profiles of simulated CDM54

galaxies exhibit less variation compared to the observed55

profiles of dwarf galaxies. This inconsistency may be56

an indication that the CDM model that underpins our57

current cosmological paradigm needs revisiting. Indeed,58

alternative DM models, such as those which include self59

interactions (e.g., Spergel & Steinhardt 2000; Tulin &60

Yu 2018), can potentially alleviate these discrepancies61

by introducing new mechanisms that alter a halo’s in-62

ner structure.63

However, it is worth noting that the core-cusp prob-64

lem was initially identified and studied through N-body65
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simulations, which lack a direct treatment of the bary-66

onic component of galaxies. Modern cosmological sim-67

ulations include not only gravity acting upon DM, but68

also hydrodynamics coupled to comprehensive models69

of galaxy formation. These simulations incorporate the70

physics of gas cooling, stellar feedback, AGN feedback,71

star formation, black holes, and the ISM (see, e.g.,72

Somerville & Davé 2015; Vogelsberger et al. 2020, for re-73

views). The inclusion of baryons is not just an improve-74

ment allowing for more direct modeling of the emergent75

galaxy population, but is also critical for the evaluation76

of the CDM tensions as the baryons can impact the DM77

particles by modifying the overall halo potential.78

In fact, it has been demonstrated that the interac-79

tion of DM and baryons through gravity alone may be80

sufficient to alleviate the core-cusp problem (Navarro81

et al. 1996a; Read & Gilmore 2005; Governato et al.82

2012). Episodic mass ejection from the galactic cen-83

ter can inject heat into the central DM by rapidly fluc-84

tuating the central potential (Governato et al. 2010;85

Pontzen & Governato 2012, 2014). Physically, these86

episodic mass ejections can be thought of as strong,87

or “bursty”, stellar feedback events. Fully cosmological88

simulations employing the more bursty feedback mod-89

els have shown core formation beginning in the classi-90

cal dwarf (M∗ = 105–107 M⊙) regime and peaking in91

strength for bright dwarf (M∗ = 107–109 M⊙) galaxies92

(Chan et al. 2015; Tollet et al. 2016; Bullock & Boylan-93

Kolchin 2017; Lazar et al. 2020; Di Cintio et al. 2014;94

Azartash-Namin et al. 2024). Thus, if star formation95

occurs in stochastic bursts (e.g., Governato et al. 2010;96

Hayward & Hopkins 2017; Faucher-Giguère 2018), as op-97

posed to the stellar mass growing smoothly over time,98

the resulting gaseous outflows naturally perturb the or-99

bits of the DM particles in the inner region and suf-100

ficiently flatten the density profile (e.g., Oñorbe et al.101

2015; Jahn et al. 2023). There are, however, limits where102

stellar feedback is incapable of DM core formation. Fitts103

et al. (2017) found M∗ ≈ 2×106 M⊙ to be the threshold104

mass for bursty feedback to significantly modify the DM105

density profile. This limit is primarily, if not entirely, an106

energetic one: galaxies that are too low in mass simply107

do not have enough stellar feedback energy present to108

convert the core into a cusp.109

Regardless of the details, it is clear that the small-scale110

tensions may arise either owing to our lack of knowl-111

edge of galaxy formation physics or a fundamental flaw112

in our currently favored DM paradigm. Studying both113

(i) the regimes when, where, and how bursty feedback114

is able to operate and, separately, (ii) the regimes where115

bursty feedback is able to convert DM cusps into cores116

is therefore critical to our understanding of the extent117

to which our DM prescription needs to be modified. In118

this work, we take a new approach of using fully cosmo-119

logical, dark-matter-only (DMO) simulations coupled to120

analytically-modulated central potential contributions.121

We are able to capture the fully cosmological develop-122

ment of the DM halo, while also considering how system-123

atically varied time-dependent central potentials impact124

the DM halo structure. As we demonstrate within this125

paper, we can systematically vary the total number of126

bursts, as well as the total mass ejected in each burst.127

Our approach allows us to fill in an important void that128

sits between previous idealized studies (e.g., those of129

Pontzen & Governato 2012 and Ogiya & Mori 2014)130

and the fully cosmological studies where the bursty na-131

ture of feedback naturally arises in a way that cannot be132

directly modulated (e.g., Hopkins et al. (2014); Oñorbe133

et al. (2015); Lazar et al. (2020); Chan et al. (2015)).134

In addition to introducing this flexible framework, we135

also aim to address the questions: “Could galaxies con-136

vert a DM cusp into a core via a single episode of star137

formation?” It has been suggested that some UFD138

satellite galaxies have implied cored DM density pro-139

files (Almeida et al. 2024). However, the stellar popula-140

tions within these systems are fairly tightly constrained141

to be consistent with approximately single-age stellar142

populations that are also very old (i.e., having formed143

> 80% of their stellar mass before the midpoint of reion-144

ization (z = 7.7 ± 0.7; Sacchi et al. 2021). In other145

words, if these systems formed most of their stellar mass146

in a single burst long ago, could that be sufficient to147

convert a DM cusp into a core, or are multiple, episodic148

bursts required?149

In this paper, we test the ability of bursty feedback150

to convert cusps into cores using modified cosmological151

simulations where we can manually prescribe the num-152

ber and magnitude of the bursts to address this question.153

The structure of this paper is as a follows. In §2, we out-154

line our methods, including descriptions of: our simula-155

tions (§2.1), the employed galaxy growth/burst/outflow156

models (§2.2, §2.3), and the method of characterizing157

inner DM density profiles (§2.4). In §3, we present our158

results, split into the classical dwarf (§3.1) and UFD159

(§3.2) regimes. In §4, we discuss our results and in §5,160

we present our conclusions.161

2. METHODS162

2.1. Simulations163

We study the mechanism of core formation via bursty164

feedback using modified cosmological simulations. The165

foundation of our cosmological simulations are standard166

DMO zoom-in simulations. We create zoom-in initial167

conditions using music (Hahn & Abel 2011), with a168
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parent box of 36 Mpc. We adopt cosmological param-169

eters Ω0 = 0.301712, ΩΛ = 0.6983, Ωb = 0.0, and170

H0 = 100 h km s−1 where h = 0.6909 consistent with171

Planck Collaboration XI (Planck Collaboration et al.172

2016). Our simulations have a DM mass resolution of173

3.44×103M⊙ and a gravitational softening of 0.038 kpc.174

We then evolve these initial conditions from redshift175

z = 127 down to z = 0 using the simulation code176

arepo (Springel 2010; Weinberger et al. 2020). Prior177

to the addition of any changes to the central potential178

(as described below), the setup described here is a stan-179

dard CDM cosmological zoom-in simulation.180

Our goal in this paper is to probe the impact of a181

set of successive mass expulsion events on the result-182

ing DM halo structure. To achieve this, we follow the183

approach used in Rose et al. (2023) whereby the grav-184

itational impact of the central baryon component (i.e.,185

galactic gas and stars) is represented by a single massive186

simulation particle. Unlike the DM simulation particles,187

which move freely under the force of gravity through188

the simulation domain and have a constant mass with189

time, the tracer particle is pinned to the potential min-190

imum of the halo and given a manually prescribed mass191

that evolves with time. As with all other simulation192

particles, the tracer particle is assigned a gravitational193

softening. While this is strictly to avoid two-body inter-194

actions for DM particles, a larger softening is employed195

for the massive tracer particle to emulate the effect of196

having a spatially distributed (i.e., not point-like) mass197

distribution. We note that a different potential modifi-198

cation profile could have been selected, however, Rose199

et al. (2023) showed this was sufficient to produce re-200

alistic galaxy properties when compared with baryonic201

simulations.202

We note three points about this setup. First, because203

we manually vary the tracer particle’s mass, the total204

mass in the simulation is not conserved. This variation205

in the particle’s mass can capture the impact of baryons206

condensing into the central region and subsequently be-207

ing expelled. In other words, this particle is the mech-208

anism that we use to impose specific time variability in209

the central potential. We do not expect the fact that the210

global mass budget changes slightly with time to impact211

our findings. While local fluctuations to the mass (i.e.,212

bursty outflows) can change the distribution of matter in213

the central halo, these fluctuations amount to a change214

in the total mass globally that is of order 10−6%. Sec-215

ond, even though we are using a very simplistic method216

for modifying the central potential, the approach does217

capture the impact of the central baryon component on218

the DM halo structure, as demonstrated in Rose et al.219

(2023). And, third, because we are manually prescrib-220

ing the tracer particle’s mass, we can systematically ex-221

plore varied mass growth histories including an array of222

smooth and bursty growth histories.223

We first explore the classical dwarf regime in order to224

ensure the model can reproduce previous results for the225

central DM halo properties in the presence and absence226

of bursty feedback. We first model the smoothly form-227

ing classical dwarf galaxy (i.e., without bursty feedback)228

to verify cusp formation. We then model the same sys-229

tem with the stellar mass forming over multiple episodic230

bursts of star formation. Finally, we compare the result-231

ing DM density profiles to verify that the tracer particle232

emulating bursty outflows can turn the cusp to a core.233

Once this is established, we apply this method to the234

specific case of UFDs that undergo just one outflow.235

2.2. Galaxy Growth/Outflow Models236

The unique feature of our simulations is that we im-237

pose specific mass evolution histories on the tracer par-238

ticle. Specifically, its mass is updated at each timestep239

during the simulation following some pre-prescribed pat-240

tern. We employ three growth patterns: a smooth241

model, an episodically bursty model, and a single-burst242

model—each of which are described here.243

The first class of model is a smooth star formation244

history, henceforth referred to as smooth models, which245

describes a galaxy whose central mass smoothly grows246

with time (i.e., does not experience any significant mass247

blowouts). The tracer mass growth over time for this248

model is shown in the top-right panel of Figure 1. The249

primary purpose of these models is to provide a standard250

of comparison against which we can understand how the251

bursts have (or have not) impacted the density profile.252

The second class of model is the episodically bursty253

model, where the galaxy is assumed to accrete gas254

mass smoothly for some period of time, followed by255

a rapid/instantaneous drop in the tracer particle mass256

mimicking a feedback-driven blowout event. The tracer257

mass growth over time for one such model is shown in258

the lower-right panel of Figure 1. We keep the final259

stellar mass fixed at the same value as in the smooth260

model (described in further detail for each of the two261

galaxy models in §2.3). We prescribe a mass evolution262

for the tracer particle that is meant to mimic the fluc-263

tuating mass of a galaxy with bursty outflows and cap-264

tures the impact that bursty feedback has on the or-265

bits of the inner DM particles. The fluctuation of the266

central mass changes the gravitational potential, and if267

this happens sufficiently quickly (not adiabatically), it268

boosts the DM particles to a higher orbit. The net ef-269

fect is that this process irreversibly transfers energy to270

the DM particles. We model this process by allowing271
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Figure 1. Comparison of DM density for the smooth (top panels) and bursty (bottom panels) models implemented using the
modified-DMO approach for a halo with mass 9.2× 109M⊙. Left: Dark matter mass projection made from a 30× 30× 30 kpc
box surrounding the central halo. The halos look similar, save for their central regions. The smooth model produces a clear
peak in density at the very center, while the bursty model reaches a constant density (forms a core) up to ∼ 2.0 kpc from the
center. Right: Tracer mass versus time as well as density profile for the smooth and bursty model. In both cases, the final stellar
mass is 3.9× 106M⊙. The tracer mass in the upper panel represents a galaxy with a smooth history, which follows the SHMR
shown in black. The tracer mass evolution in the lower panel represents a galaxy that undergoes five bursts of star formation,
expelling 3.6× 107M⊙ of gas in each burst. The z = 0 DM density profiles produced from each of these models are also shown.
The grey dashed line marks 2.8× the DM particle softening, the point below which numerical effects begin to be important.
The smooth model has an inner log-slope α = −1.40 when averaged over 1–2% of the virial radius, consistent with an NFW
profile. By contrast, when there are episodic bursts, we find a log-slope α = −0.63.
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the tracer particle mass to increase at a constant rate272

in scale factor, then instantaneously decreasing it. The273

height of this drop physically corresponds to the gas274

mass expelled from the central region of the galaxy due275

to supernova energy. The mass that remains after this276

sharp decrease corresponds to the stellar mass formed277

in the burst (which is simply the final stellar mass di-278

vided by the number of bursts). After the last burst, the279

tracer particle’s mass remains constant. This is not nec-280

essarily physical in the sense that the galaxy’s mass can281

continue to increase, but is motivated by the fact that282

star formation is less bursty at lower redshifts (Faucher-283

Giguère 2018). We vary both the number of bursts and284

the amount of mass expelled in §3.1 to understand the285

impact of both of these parameters. Rather than making286

physical assumptions, the range of values we tested for287

the amount of mass expelled was determined by starting288

with extremely large values, and decreasing it until core289

formation ceased.290

We assign the burst times by assuming that the time291

separating bursts is proportional to the dynamical time292

of the halo (Ogiya & Mori 2014). Episodically bursty293

models with more (fewer) bursts simply assume that the294

burst timing is a smaller (larger) multiple of the Hub-295

ble time. In the model shown in the lower-right panel of296

Figure 1, we assume that the stellar mass forms over five297

bursts (at z = 9.9, 5.3, 2.8, 1.3 and 0.4) and each burst298

causes 3.6×107M⊙ to be expelled from the inner region299

of the galaxy.1 The number of bursts that takes place in300

hydrodynamic simulations which model these processes301

explicitly can vary based on many factors, but is gen-302

erally of order 10 bursts. As one example, galaxies in303

a sample taken from the FIRE simulations underwent304

∼ 1–2 bursts every 200 Myr at z = 2 (Sparre et al.305

2017). Approximating this as the rate across a galaxy’s306

entire formation history, and assuming that star forma-307

tion ceases to be bursty at z ∼ 1.3 (Faucher-Giguère308

2018), this yields a typical value of between 20 and 50309

bursts.310

The third and final growth model we employ is the311

single-burst model. Inspired by stellar age distributions312

in UFDs (e.g., Sand et al. 2010; Okamoto et al. 2012;313

Weisz et al. 2014; Brown et al. 2014; Simon 2019; Gal-314

lart et al. 2021; Sacchi et al. 2021), these models increase315

their mass steadily with time (attributed to gas accre-316

tion) followed by a single outflow event. The subsequent317

1 One can easily see that the minimum mass after the burst is grad-
ually increasing with time. In fact, the upper mass immediately
before the burst is also increasing with time, but this is not so
easily seen with the log-scale of the plot. This makes it seem like
the amount of mass being expelled varies with time even though
it is constant.

mass is then held constant until the present day. This318

model can be considered a limit of the bursty model that319

is constrained to a single burst.320

2.3. Galaxy Models: Classical and Ultra-faint Dwarf321

We simulate both classical dwarf and UFD galaxies322

to study the mechanism of core formation via bursty323

feedback. The classical dwarf has a z = 0 halo mass324

of 9.2 × 109M⊙. To model a galaxy of this mass325

with a smooth growth history, we employ the redshift-326

dependent stellar-to-halo-mass relation (SHMR) de-327

scribed in Moster et al. (2013). To achieve this, we first328

run a DMO simulation to calculate the halo mass as a329

function of time. We then use the SHMR to evaluate the330

corresponding stellar mass and prescribe the growth of331

the massive particle to match this growth history. The332

tracer mass enters the simulation at z = 11 with a mass333

of 103M⊙ and has a final mass of 3.9×106M⊙, as shown334

in the top-right panel of Figure 1.2 We place the tracer335

particle in the simulation no earlier than z = 11 because336

it will be pinned to the potential minimum of the most337

massive halo within a manually defined sub-volume. At338

very early times, the individual halos are closer together339

and more similar in mass, making it difficult to identify340

the most massive halo at z = 0, which is where we want341

to place the tracer mass. We do not expect this choice342

to significantly impact our results because the halo is a343

small fraction of its z = 0 mass. We use a gravitational344

softening of 0.36 kpc for the massive particle represent-345

ing the baryon mass of the galaxy, meaning that the346

majority of the mass is concentrated within 1.1 kpc.347

The UFD has a z = 0 halo mass of 7.8× 107M⊙. We348

adhere to observational constraints on the star forma-349

tion histories of these systems to determine their stellar350

mass as a function of time. We prescribe a growth his-351

tory consistent with the cumulative mass fraction over352

time of Milky Way (MW) satellites that have a similar353

present-day halo mass. Specifically, we set the final stel-354

lar mass to 1.4× 103M⊙—consistent with the observed355

stellar mass of these systems, which ranges from (0.54–356

7.46)× 103M⊙ (Sales et al. 2017) and within 2σ of both357

the predictions of semi-analytic models (Ahvazi et al.358

2024) and forward modeling of MW satellites (Nadler359

et al. 2020). In our smooth model, the particle mass360

grows such that 80% of the stellar mass has formed by361

z = 7 and 90% by z = 5. To model a single burst for362

2 The tracer particle is initialized at the same time of z = 11 but
at a higher mass (2.3 × 107M⊙) for the bursty model, shown in
the bottom-right panel of Figure 1. This is because the first of
the five bursts in this model is set to occur at z = 10. In order
for this to happen, the tracer mass must be quite large prior to
the outflow at this time.
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this galaxy, rather than making physical assumptions363

about when the burst occurs, we manually vary its tim-364

ing across a wide range of values (z = 1 to z = 8) to365

understand how this changes the impact of the outflow366

on the DM density. The amount of mass expelled is ini-367

tially set at 1.4× 104M⊙ by making assumptions about368

the gas mass available to be expelled in these systems,369

the details of which are discussed in §3.2, but it is also a370

parameter that we vary. We also employ a smaller grav-371

itational softening of 0.06 kpc for the massive particle372

to account for the difference in size as compared with373

the classical dwarf system.374

2.4. Characterization of Density Profiles375

We use two independent metrics to characterize the376

density profiles of the galaxies and assess whether they377

are cuspy or cored. We calculate the inner log-slope,378

commonly referred to as α (where ρ ∝ rα), over 1–2%379

of the virial radius (Di Cintio et al. 2014; Tollet et al.380

2016). This is a reliable metric for cores that are a few381

percent of the virial radius, but is not sensitive to the382

presence of smaller cores (given the radius range where383

α is determined). For this reason, we use a complemen-384

tary approach of fitting to the core-Einasto model and385

finding the best-fit core radius rc (Lazar et al. 2020).386

This addresses the issue of not detecting smaller cores,387

but there can still be instances in which the model fit is388

sufficiently poor that we do not get a reliable estimate389

of the core radius. Density profiles with slightly irreg-390

ular shapes will not be well-characterized by a three-391

parameter model, and in these cases, the core radius392

estimate will also be an imperfect metric. Using both of393

these measures decreases the bias associated with α or394

rc alone.395

3. RESULTS396

In this section, we present results employing the pre-397

scriptive approach described in §2. We split our re-398

sults into the classical dwarf regime (§3.1), where DM399

cores are often observed (e.g., Kleyna et al. 2003; Walker400

& Peñarrubia 2011; Amorisco & Evans 2012; Amorisco401

et al. 2013), and the UFD regime (§3.2) where the DM402

density may be cored (Amorisco 2017; Contenta et al.403

2018; Simon et al. 2021) or cusped (Hayashi et al. 2020;404

Vitral et al. 2024), and there are often large uncertain-405

ties associated with these measurements (Hayashi et al.406

2023), In the UFD regime, star formation is restricted to407

a small number of bursts (e.g., Brown et al. 2014; Simon408

2019; Gallart et al. 2021; Sand et al. 2010; Okamoto et al.409

2012; Sacchi et al. 2021; Weisz et al. 2014). Therein,410

we study how varying the amount of mass expelled per411

burst, the number of bursts, and the effective size of the412

galaxy impacts the efficacy of bursty feedback at form-413

ing cores.414

3.1. Classical Dwarfs415

Figure 1 provides a visual overview of the smooth416

(top row) and bursty (bottom row) growth models for417

the classical dwarf. For each model, we show the mass418

growth of the tracer particle over time. For the smooth419

model, the tracer particle mass is shown in magenta420

against the stellar mass inferred from the SHMR re-421

lation in black (Moster et al. 2013). As described in422

§2.2, the episodically bursty model has a tracer mass423

that increases smoothly, then instantaneously decreases424

a specified number of times. In the model shown, there425

are five such outflow events. Also shown for each model426

are the corresponding present-day DM density profiles.427

The vertical grey dashed line marks 2.8 × the DM par-428

ticle softening, the point below which numerical effects429

begin to be important. Looking at the region to the right430

of this dashed line, we see that the central density profile431

is cusped for the smooth model and cored for the episod-432

ically bursty model—both consistent with expectations.433

The smooth model has inner log-slope α = −1.40 when434

averaged over 1–2% of the virial radius, consistent with435

an NFW profile. By contrast, the episodically bursty436

model forms a core 2.05 kpc in size and has α = −0.63.437

For illustration, we also show the present-day DM438

mass projection, produced from a 30× 30× 30 kpc box439

centered on each galaxy.440

3.1.1. Variable Total Mass Outflow Models441

As a first variation on the episodically bursty model,442

we consider how the number and amplitude of poten-443

tial variations impact core formation. Specifically, we444

manually change the strength and frequency of the cen-445

tral potential variations by altering (i) the total num-446

ber of bursts ranging from 1 to 31, spaced proportion-447

ally to the dynamical time of the halo and (ii) the to-448

tal mass expelled per burst ranging from 0.7 × 107M⊙449

to 7.2 × 107M⊙. Taken together, this changes the to-450

tal integrated mass expelled for the tracer particle from451

0.7 × 107M⊙ (for a single burst with the smallest mass452

expulsion) to 2.2 × 109M⊙ (for 31 of the most massive453

bursts). In other words, this tests the impact of chang-454

ing the total mass ejected from the central region by455

several orders of magnitude—hence, we refer to these456

scenarios as variable total mass outflow models.457

Our results show significant variations in core for-458

mation based on our outflow model. For each model,459

we have calculated both the inner log-slopes and best-460

fit core radii rc (Lazar et al. 2020) of the resulting461

present-day DM density profiles. We show the results462

in terms of both metrics as a function of the amount of463
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Figure 2. Summary of the inner log-slopes (α = dlogρ
dlogr

) best-fit core radii rc for a classical dwarf galaxy as a function of number
of bursts and burst mass.

mass expelled per burst and number of bursts in Fig-464

ure 2. Several clear trends emerge: galaxies generally465

have more cored density profiles when they either ex-466

perience a larger number of bursts (i.e., moving to the467

right in Figure 2) or more massive bursts (i.e., moving468

up). As the mass expelled per burst increases, the inner469

log-slope for the 10, 20, and 31 burst simulations in-470

creases from ∼ −(1.37–1.25) to −(0.42–0.14) monoton-471

ically. Similarly, the core radius for these simulations472

increases from ∼0.25–0.51 kpc to ∼1.2–34 kpc. We note473

that there is also some non-monotonicity, but that this474

can be mostly attributed to the density profile associ-475

ated with these models having irregular inner shapes476

that are not fully described or well-characterized by the477

three-parameter core-Einasto model. This trend con-478

tinues to some extent for one and five bursts. In these479

regimes, there is still a trend where more massive bursts480

lead to larger core radii, but the trend is somewhat less481

pronounced. While the 10, 20, and 31 burst simulations482

each increase the core radius by a factor of five or more,483

the single-burst model increases the core radius from484

∼0.16–0.28 kpc—less than a factor of two. This result485

is unsurprising given that increasing the mass-per-burst486

directly increases the amplitude of the potential fluc-487

tuations. Notably, the core radii we obtain for models488

with 10 bursts and varying mass expelled per burst of489

0.27 to 7.08 kpc are comparable to those found in the490

FIRE-2 (Hopkins et al. 2018) halos of similar mass in491

Lazar et al. 2020 of 0.28 and 5.09 kpc which also con-492

tain bursty feedback (in which the stellar-to-halo mass493

ratio is increasing between the two rather than the size494

of the fluctuations directly as we model here). For any495

fixed value of the mass expelled per burst, the largest496

cores form for the greatest number of bursts. When the497

mass expelled is held constant at 3.6 × 106M⊙, for ex-498

ample, the core radius increases from 0.28 to 3.81 kpc as499

the number of bursts increases from 1 to 31. Similarly,500

α increases from −0.89 to −0.39.501

3.1.2. Constant Total Mass Outflow Models502

In contrast to the variable total mass outflow models503

considered in the previous subsection, here we hold the504

total mass ejected constant at 1.8×108M⊙ while varying505

the number of bursts between 1–62 and mass-per-burst506

accordingly. The total mass ejected is set to the value507

for the five-burst model shown in Figure 1 because that508

model has a cored present-day density profile. However,509

we note that there is no other reason to choose this510

particular value.511

In Figure 3, we compare the trends in core radii and512

inner log-slope for these constant total mass models with513

the variable total mass models of the previous section as514

a function of the number of bursts. The blue line depicts515

the results when the total outflow mass varies with the516

number of outflows. Viewing the results in terms of the517

inner log-slope, we observe a monotonic upward trend518

from −0.89 to −0.39 as the number of bursts increases519

from 1 to 31. Viewing the results in terms of the core520

radius, we find a similar trend where the size of the521

core increases from 0.28 to 3.81 kpc. The exception522

to this trend is the twenty-burst model, which has a523

smaller core radius than the ten-burst model. In this524

case, the density profile (not pictured) begins to flatten525

around 2 kpc, but the density increases again at smaller526

radii. As a result, the shape of this profile is not well-fit527

by the three-parameter core-Einasto profile. The trends528

observed with this line are simple to understand: more529

bursts of equal magnitude simply means more potential530

fluctuations capable of impacting the DM particle orbits.531

The red line depicts the results when the total mass532

expelled is constant. The core radius begins at 0.15 kpc533

for one burst, increases to 2.05 kpc for five bursts, then534
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Figure 3. Comparison of the relationship between number of bursts and both the core size (right) and inner log-slope (left) for
variable (blue) versus fixed (red) total energy transferred to the DM particles via bursty feedback for the classical dwarf galaxy.
When the amount of mass expelled in each burst is constant, we find that the profile simply becomes more cored as we increase
the number of bursts (increasing the total energy transferred). If instead the mass expelled in each burst is varied such that the
total mass expelled is constant, we find a more complex relationship. As the number of bursts is decreased, initially this leads
to an increase in the core size. However, if there are fewer than five bursts, this trend reverses. The point marked with an “x”
indicates that for this model, the core-Einasto fit is poor.

monotonically decreases to 0.19 kpc. The “x” indicates535

the one point for which a good fit is not obtained. We536

observe a similar trend in α for these models: α = −1.37537

for one burst, which increases to and peaks at −0.63 for538

five bursts, then decreases to −1.41 for 62 bursts. The539

non-monotonicity in this trend from two to three bursts540

can be explained by looking at the density profiles shown541

in Figure 4. The two burst model has an inner log-slope542

and core radius of α = −0.65 and rc = 0.37 kpc, but543

these values are more difficult to interpret due to the544

shape of the density profile. From Figure 4, we can see545

that the density profile plateaus from 0.5 to 2 kpc, which546

overlaps with the range where the slope is calculated,547

but it begins to rise again for smaller radii. This means548

the calculated value of α does not completely charac-549

terize this density profile and explains the decrease in α550

from 2 to 3 bursts we see in Figure 3. In general, though,551

Figure 3 shows that the dependence of core formation552

on number of bursts is more complex for the fixed total553

mass (red) versus variable total mass (blue) models.554

Increasing the number of bursts makes a more cored555

profile initially, but this reverses after five bursts, which556

is perhaps unsurprising. Indeed, in our fixed total out-557

flow mass models, the limit of Nbursts → ∞ becomes558

indistinguishable from a smooth model—which we have559

already demonstrated to form a cusp. What is more sur-560

prising is that core formation is mitigated in the limit561

where the number of bursts approaches only a single562

event (or very small number of events). To explore this563

further, we plot the the density profiles for the mod-564

els with constant total outflow mass over 1, 2, 3, and565

5 bursts in Figure 4. The most cored profile is pro-566

duced when the galaxy undergoes five bursts, shown567

in red, which has a core radius and inner log-slope of568

2.05 kpc and −0.38, respectively. When there are three569

bursts, the density profile is steeper but still cored with570

α = −0.89 and rc = 0.44 kpc. The two and one-burst571

models, however, produce profiles that are more cusped.572

As previously mentioned, the two-burst model has a573

shape that makes the slope shown in Figure 3 less useful574

as a metric; we can see visually in Figure 4 that it is not575

cored. Finally, the one-burst model produces a profile576

nearly indistinguishable from the smooth model, with577

α = −0.83 and rc = 0.15 kpc.578

3.2. Ultra-Faint Dwarfs579

As discussed in §1, some UFD galaxies have been ob-580

served (i) to have little variation in their stellar ages,581

and (ii) to have formed the vast majority of their stellar582

mass long ago (e.g., Brown et al. 2014; Simon 2019; Gal-583

lart et al. 2021; Sand et al. 2010; Okamoto et al. 2012;584

Sacchi et al. 2021; Weisz et al. 2014). It has also been585

suggested that some of these systems have cored DM586

densities (Almeida et al. 2024). Together, this begs the587

question: can a single burst, long ago, turn a cusp to588

a core? The approach we introduce in §2.2 to model-589

ing bursts of star formation allows us to shed light on590

this question by manually varying the timing and size of591

such a single outflow event to determine for what values592

of these parameters a core forms.593

In all simulations described below, the galaxy has a594

final halo mass of 7.8 × 107M⊙ and to match obser-595
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for 1, 2, 3, and 5 bursts (not 4).

vational mass measurements of the MW satellites that596

motivated this analysis, we prescribe a final stellar mass597

of 1.4 × 103M⊙ (Sacchi et al. 2021). We assume that598

all of the ultra-faints have 95% gas fractions prior to599

the burst, such that Mgas = 1.4 × 104M⊙. The pre-600

outflow mass (M∗ +Mgas) is then equal to 1.54 × 104.601

We assume all the gas is expelled in the outflow, leaving602

a post-outflow mass of 1.4 × 103M⊙. Given that many603

of the UFDs in our Local Group have been observed604

to form > 80% of their stellar mass prior to reioniza-605

tion (Sacchi et al. 2021), we begin by testing three single-606

burst models where the outflow from the galaxy occurs607

at z = 8, 7 and 6. We compare the present-day density608

profiles of these models with that of a smooth model609

that also adheres to the aforementioned observational610

constraints on the stellar ages of these systems, as de-611

scribed in §2.3. The tracer mass in this smooth model is612

increased at each timestep such that 80% of the stellar613

mass forms by z = 7 and 90% forms by z = 3.614

We find that none of the three single-burst models615

form a core, with α between −1.35 and −1.15 and rc616

between 0.05 and 0.08 kpc. As one example, Figure 5617

compares the density profiles of the smooth model and618

the single-burst model when the outflow occurs at z = 7.619

In the region to the right of the gray dashed line, which620

indicates the point at which numerical effects begin to621

impact the results, the two profiles are visibly cusped622
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Figure 5. Comparison of the present-day DM density profile
for an UFD galaxy if it has a smooth growth history (black)
or forms in a single burst at z = 7 (red) resulting in the
ejection of 1.4×104M⊙. The density profiles are both cusped
with rc = 0.07, 0.05 and α = −1.25,−1.35 for the smooth-
growth and single-burst models, respectively.

and nearly indistinguishable, as is the case for the mod-623

els with an outflow at z = 6 or z = 8.624

Finally, we run a suite of simulations to determine625

at what point, in terms of mass expelled and timing of626

the burst, cores begin to form. The results, in terms of627

the inner log-slope and core radius, are summarized in628

Figure 6 as a function of the time at which the burst629

occurs. The horizontal dashed gray line in the left panel630

indicates the length scale affected by numerical soften-631

ing. A core radius below this should be disregarded,632

since the density profile is artificially flattened in this633

region. The shaded gray band in the right panel indi-634

cates the expected range of values for an NFW (Navarro635

et al. 1996b) profile when accounting for concentration636

scatter found from N-body simulations (Macciò et al.637

2007), calculated using colossus (Diemer 2018). We638

note that the mass-concentration relation from Macciò639

et al. (2007) was fit on more massive halos than the UFD640

in our simulations. However, we include this shaded641

band not to make detailed quantitative comparisons642

with our results but rather to guide the eye. Whether643

we look at rc or α, it is apparent that outflows prior to644

z = 5 impact the DM less than those at z ≥ 5. Prior to645

z = 5, the profiles are all cusped, with negligibly small646

core radii relative to the softening length of the simula-647

tion particles and α < −1. Outflows at z ≤ 5, however,648

are able to impact the DM density for sufficient mass ex-649

pelled. The earliest outflow to form a core is that with650

2.9 × 107M⊙ expelled at z = 5, with α = −0.12 and651

rc = 1.40 kpc. Less massive outflows, however, must652

occur later to have a dramatic impact on the present-653

day density. As one example, an outflow of 1.2×106M⊙654

produces a cored density profile with α = −0.68 and655
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Figure 6. Left: Best-fit values for the core radius rc as a function of redshift at the time at which the single outflow occurs
for the UFD. The color depicts the size of the outflow in terms of the mass expelled. Notably, cores of appreciable size do
not form prior to z = 5, indicating that DM cores do not easily form when bursty activity is relegated to the earliest times,
even when extreme mass outflow events are considered. Right: Inner DM density profile slope, α, as a function of redshift at
which the single outflow occurs. The shaded band represents the expected range of slopes for an NFW profile (accounting for
concentration scatter). Just as with the left panel, the upper left region is unoccupied, showing consistency between these two
metrics.

rc = 0.28 kpc if the burst occurs at z = 3. The same656

mass expelled at z = 6 is less impactful, producing a657

density profile with α = −0.86 and a negligibly small658

core radius. We discuss the physical intuition behind659

and implications of these results in §4.660

4. DISCUSSION661

In §3.1 we find that our prescriptive approach to mod-662

eling bursty feedback can produce results that are con-663

sistent with literature expectations— by modeling 20664

bursts we find cores of comparable size to those obtained665

in hydrodynamic simulations such as the FIRE-2 simula-666

tions (Hopkins et al. 2018; Lazar et al. 2020). The result667

of varying the total mass ejected from the galaxy (and668

therefore the total energy transferred to the DM parti-669

cles) shown in Figure 2 suggests perhaps how cusped or670

cored the present-day DM density is depends simply on671

the total outflow mass over all bursts. However, we find672

that this is not the case— the efficacy of bursty out-673

flows at modifying the DM density depends on factors674

such as the number of outflow events and, in the case of675

one burst, the timing of the outflow.676

In Figure 3, we see that even with a fixed total out-677

flow mass, both the core radius and the inner log-slope678

strongly depend on the number of bursts in a non-trivial679

way. Initially, when decreasing the bursts from 62 to680

5, the dominant effect in terms of the strength of core681

formation is the amount of mass being expelled: fewer,682

larger bursts are more impactful. Critically, we find that683

this trend reverses as the number of bursts is decreased684

further. For fewer than five bursts, the dominant factor685

in determining how many of the inner-region DM parti-686

cles that can be impacted is the number of bursts, not687

the size of them.688

Figure 6 demonstrates a similar point for the case of689

a single outflow in the UFD regime. While there is a690

strong dependence on the mass of the outflow, as we691

expect from our findings in the classical dwarf regime692

(columns of Figure 2), we also find a dependence on the693

timing of the outflow. A core of appreciable size only694

forms if the burst occurs at z < 6. Notably, this result695

holds regardless of the total amount of mass expelled,696

even in the case of expelling 2.9×107M⊙, which is> 10%697

of the halo mass, and ∼ 104 × M∗ at z = 0. Even in698

this case, a burst at z = 5 forms a core while a burst at699

z = 6 does not. In particular, the clear differences that700

we see in the inner log-slopes and core radii for z > 5701

vs z ≤ 5 are most likely the result of the major merger702

that occurs between z = 6 and z = 5 for this galaxy.703

We note that there are some limitations associated704

with modeling the impact of bursty feedback on the DM705

particles in this manner: While we make physical argu-706

ments for the timing and magnitude of the bursts in our707

models, they may not be identical to those that would708

occur in an observed system. We prescribe a set of times709

for which the central potential is changed dramatically710

and suddenly, however, nothing physically causes this711

burst to occur. In particular, we do not impose any712

constraints on the times at which bursts can happen.713

As described in Section 2.2, the list of burst times was714
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created by assuming that a burst happens with temporal715

spacings proportional to the halo dynamical time. One716

potential consequence of this is that the models with a717

larger number of bursts in particular have bursts occur-718

ring later than may be physically realistic.719

The generalizability of our results is limited in two720

ways. Firstly, we do not vary the formation history (in721

other words, the set of initial conditions) for either halo.722

In the context of the results delineated in Section §3.2,723

this may affect the precise range of times for which a724

single burst can flatten the DM density profile. We725

would not expect this to dramatically affect our qual-726

itative conclusions, though. While the transition in core727

radii/inner log-slope we see in Figure 6 is likely a result728

of the merger that occurs between z = 6 and z = 5, we729

would expect a similar result for a galaxy with a different730

formation history. This is simply because the earlier an731

outflow occurs, the more likely it is that there is at least732

one major merger after the outflow. Secondly, our simu-733

lations are of field galaxies, not satellites like the UFDs734

in the Local Group which in part motivated the anal-735

ysis. The role of the environment and the impact that736

this may have on our results is yet to be tested, though737

we anticipate that our methods effectively capture the738

physics of episodic/bursty feedback independent of se-739

lected environment.740

5. CONCLUSIONS741

In this paper, we introduced a novel approach to mod-742

eling the impact of bursty outflows on the orbits of DM743

particles in the inner region of dwarf galaxies to con-744

strain the regimes for which bursty feedback is capa-745

ble of turning cusps to cores. We modeled the gravi-746

tational impact of baryons with a massive tracer parti-747

cle, which allowed us to maintain control over how and748

when these bursty outflows occur within a cosmologi-749

cal environment. This technique sits at the intersec-750

tion of the two avenues bursty feedback has typically751

been studied through: cosmological simulations where752

baryonic processes are modeled explicitly (e.g., Hopkins753

et al. (2014); Oñorbe et al. (2015); Lazar et al. (2020);754

Chan et al. (2015)) and the more controlled analytic755

or idealized modeling of the impact a changing gravi-756

tational potential has on the DM particle orbits (e.g.,757

those of Pontzen & Governato 2012). Specifically, we758

introduced this method to evaluate the ability of a sin-759

gle burst to form cores under realistic conditions for an760

UFD galaxy with a key constraint: the stars form in a761

short period of time and in the early universe. We intro-762

duced two suites of modified DMO simulations: a classi-763

cal dwarf and UFD analog, and studied how varying the764

prescribed evolution of the tracer particle (representing765

the baryon mass) in a way that corresponds to different766

star formation histories impacted the present-day DM767

density profile. Our key findings are as follows:768

• Our simplified model reproduced the cusp-to-769

core transformation for a galaxy of halo mass770

≈ 1010M⊙, which is the regime where we expect771

this to take place based on the results of hydro-772

dynamic simulations that model baryonic physics773

(including bursty feedback) explicitly (Chan et al.774

2015). We find our smooth-growth model pro-775

duced a cusp, while our fiducial bursty model pro-776

duced a core.777

• Whether or not a core forms depends on the778

amount of mass expelled in the burst and how779

many bursty outflows there are. When the total780

outflow mass over all bursts is variable, a larger781

number of bursts or a larger outflow mass expelled782

produced a more cored profile at present-day. This783

result was consistent across both metrics that we784

used to quantify the strength of core formation:785

the inner log-slope (α) and the best-fit value for786

the core radius (rc).787

• Holding the total mass expelled over all the bursts788

fixed (and therefore holding the total energy trans-789

ferred irreversibly to the DM particles fixed), we790

still found a dependence on the number of bursts791

that the mass is expelled over. We found that for792

five or more bursts, it is more effective to have793

fewer, larger bursts. However, for fewer than five794

bursts, the profiles became cusped once again even795

for extremely large outflows.796

• Applying this method to an ultra-faint galaxy797

analogous to the satellites within our Local Group,798

we found that a single burst was insufficient to799

transform the DM density profile if we made re-800

alistic assumptions about the outflow mass and801

when the burst occurs.802

• By varying the timing and outflow mass of our803

single-burst models, we discovered two barriers to804

core formation in UFDs that form in one, early805

burst: (i) the amount of mass that can is ejected806

must be sufficiently large to impact the DM den-807

sity, and (ii) the outflow must occur sufficiently808

late (z < 6).809

• Given that the SFHs of the Local Group satellites810

are largely constrained to before reionization (Sac-811

chi et al. 2021),the previous point indicates that a812
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single burst of star formation is insufficient to ex-813

plain the density profiles of these systems if they814

are cored as suggested in Almeida et al. (2024).815
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