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A B S T R A C T 

We present the implementation and testing of a subgrid non-explosive pre-supernova (NEPS) feedback module for the 
colibre model of galaxy formation. The NEPS module incorporates three key physical pr ocesses sour ced by young, 
massive stars that act immediately following star formation: momentum injection from stellar winds and radiation pres- 
sure, and thermal energy from photoheating in H ii regions. The age- and metallicity-dependent energy and momentum 

budgets are derived from bpass stellar population models and are coupled self-consistently to the local gas properties. 
We test the model using a suite of smoothed particle hydrodynamics simulations of isolated, unstable gaseous discs at 
various numerical resolutions (gas particle masses in the range 10 

4 - 10 

6 M �). We find that the NEPS module successfully 

regulates star formation by providing pressure support that prevents catastrophic gas collapse. This regulation improves the 
numerical convergence of star formation rates and disc structure. In our model, feedback from H ii regions is the dominant 
r egulatory mechanism. Furthermor e, we demonstrate a crucial synergy with subsequent supernova feedback; NEPS 

feedback pr e-pr ocesses the int erst ellar medium, cr eating a mor e homogeneous envir onment that moderates the effect 
of e xplosive feedback fr om supernova events. Our NEPS module thus pr ovides a physically motivated and numerically 

robust framework that mitigates resolution-dependent artefacts and promotes self-regulated galaxy growth. 

Key words: methods: numerical – galaxies: evolution – galaxies: formation – galaxies: general. 
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 INTRODUCTION  

ithin the Lambda cold dark matter ( �CDM) cosmological 
odel, galaxies form from gas that cools and sinks into the centres

f collapsed dark matter haloes (G. R. Blumenthal et al. 1984 ). As
he gas collapses and settles into a rotationally supported disc, 
t fragments and forms the stars that make up a galaxy. Early
emi-analytic calculations and cosmological simulations tracking 
he condensation of baryons into galaxies demonstrated that gas 
ooling alone produces galaxies that are too massive and compact 
e.g . J. F. N avarr o & S. D. M. White 1994 ; J. F. N avarr o, C. S. Fr enk
 S. D. M. White 1995 ), and also too abundant, particularly at

ow masses (e.g. S. Cole 1991 ; S. D. M. White & C. S. Frenk 1991 ).
hese early shortcomings demonstrated compellingly that, for 
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 dissipative galaxy formation model to r epr oduce observations, 
dditional physical processes were required to prevent excessive 
ooling and the loss of angular momentum. Obvious candidates 
ncluded gas heating by supernova (SN) explosions (S. D. M. 

hite & M. J. Rees 1978 ; S. D. M. White & C. S. Frenk 1991 ; S.
ole et al. 1994 , and r efer ences ther ein) and the suppression of 
ollisional cooling due to the UV back gr ound that keeps the Uni-
erse ionized post hydrogen reionization (G. Efstathiou 1992 ). 
he former mechanism alleviates the overcooling and angular 
omentum loss problems by ejecting and delaying the collapse 

f disc gas, while the latter (particularly the impact of photo-
eating), is effective at suppressing star formation in low-mass 
aloes, ther eby mitig ating the overabundance of faint galaxies 
e.g. T. Quinn, N. Katz & G. Efstathiou 1996 ; A. A. Thoul & D.
. Weinberg 1996 ; J. S. Bullock, A. V. Kravtsov & D. H. Weinberg

000 ). 
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Soon after these ideas were put forward, cosmological h ydrody -
amical simulations began incorporating them through subgrid
rescriptions for star formation, SN feedback, and photoioniza-
ion by the UV back gr ound. An early e xample is the simulation
f N. Katz, D. H. Weinberg & L. Hernquist ( 1996 ), which already
ncluded most of these elements, paved the way for more ad-
anced models, and highlighted the difficulties inherent to feed-
ack modelling. 

It is now well established that SN feedback plays a central role
n regulating star formation and in shaping galaxy populations.
ot only does it prevent galaxies from becoming too massive, but

t also promotes disc formation (e.g. L. V. Sales et al. 2010 ; C. B.
rook et al. 2012 ; H. Übler et al. 2014 ), enables simulations to
 epr oduce the g alaxy stellar mass function (e.g . J. Schaye et al.
015 ), and establishes key scaling relations such as stellar mass
ersus size and stellar mass versus halo mass, from which other
mpirical correlations like the Tully-Fisher relations follow (e.g.
. D. Ludlow et al. 2017 ; J. F. N avarr o et al. 2017 ). 
Although there is broad agreement on the necessity of feed-

ack, the question of how best to model it has received intense
tt ention ov er the past tw o decades. Various strat egies hav e been
dopt ed t o address the notorious artificial inefficiency of thermal
eedback due to limited numerical resolution: decoupling gas
articles fr om hydr odynamics while imparting kinetic kicks (e.g .
. Springel & L. Hernquist 2003 ), delaying radiative cooling (e.g.
. Stinson et al. 2006 ; G. S. Stinson et al. 2013 ), or injecting large
mounts of thermal energy to ensure long cooling times (e.g. C.
. Booth & J. Schaye 2009 ; C. Dalla Vecchia & J. Schaye 2012 ).
espite their differences, these approaches can all r epr oduce r e-

listic galaxy populations, but only if carefully calibrat ed t o mat ch
bserved benchmarks (see e.g. R. A. Crain & F. van de Voort 2023 ,
or a recent review). 

Because subgrid prescriptions necessarily target unresolved
hysics, they are often sensitive to resolution and may require re-
alibration when applied to different numerical setups. This limi-
ation is evident in the eagle model (J. Schaye et al. 2015 ), whose
aramet ers w ere tuned at int ermediat e resolution. When applied
ithout modification to higher-resolution runs, the model yields

alaxies that deviate more strongly from observations (e.g. R. A.
rain et al. 2015 ). The problem stems partly from the fact that
igher resolution resolves physical processes that low-resolution
odels must appr o ximate – particularly the collapse of denser

molecular) gas clouds where stars form. 
At low r esolution, unr esolved collapse and the imposition of 

n effectiv e int erst ellar medium (ISM) equation of stat e (e.g. V.
pringel & L. Hernquist 2003 ; J. Schaye & C. Dalla Vecchia 2008 )
orce star formation to occur in a relatively smooth medium. In
ontrast, at high resolution or when the effective equation of 
tate is dropped, stars emerge in dense, clustered, self-gravitating
louds. This transition alters galaxy properties profoundly. Star
ormation may proceed too rapidly within individual clouds due
o short freefall times, while SN feedback can become ineffective
f explosions occur in dense gas that cools rapidly, dissipating the
nject ed energy. Moreov er, if cloud collapse times are shorter than
he lifetimes of massive stars, SNe may explode t oo lat e t o regu-
ate star formation occurring deep in the densest regions. These
hallenges make it difficult to achieve numerical convergence
ithout careful (and expensive) recalibration. 
This situation echoes, to some extent, the early recognition that

N feedback was r equir ed to mitigate the overcooling problem,
nd highlights the need for additional feedback processes, partic-
NRAS 546, 1–27 (2026) 
larly those operating before the first SNe. This need is especially
cute in simulations that resolve the multiphase ISM directly and,
her efor e, dispense with the effective equation of state used in
revious models to impose a numerical pr essur e floor (e.g . P. F.
opkins et al. 2018 ; J. Schaye et al. 2025 ). While this increased

esolution marks a significant advance, it also exacerbates run-
w ay gr avitational collapse in the now-resolved cold, dense gas. 

Observations and theoretical models highlight the importance
f at least three such mechanisms: radiation pressure, stellar
inds, and photoionization from young massive stars which to-

ether carve out H ii regions and inject momentum into their
urr oundings. These ar e collectiv ely t ermed early or pr e-SN stellar
eedback . 

High-resolution simulations have shown the impact of these
rocesses. For instance, G. S. Stinson et al. ( 2013 ) demonstrated
hat adding pre-SN thermal pressure to the ISM lowers gas den-
ities, enhances the efficiency of subsequent SN feedback, and
 educes g alaxy st ellar masses. Although implement ed via a sim-
lified prescription, their model effectively mimicked injecting
ore SN energy than physically reasonable, further regulating

tar formation. Similarly, O. Agertz et al. ( 2013 ) found that early
eedback was essential for r epr oducing r ealistic g alaxy discs,
hile J. Rosdahl et al. ( 2015 ) used radiation–hydrodynamic sim-
lations to show that radiation pr essur e pr events the collapse
f dense star-forming clouds, even if its overall effect is weaker
han that of SNe. Further simulations by L. V. Sales et al. ( 2014 )
ave shown that while direct radiation pr essur e is effective, the

eedback from photoionization is substantially more dominant,
apidly heating and expanding gas in a way that further dimin-
shes the impact of radiation pr essur e. 

These studies underline that pre-SN feedback can pre-process
he star-forming ISM, stabilizing it against runaway collapse and
nabling SN explosions to couple more effectively with the gas.
y enhancing the pressure support and dispersing dense clouds,

adiation pr essur e, stellar winds, and phot oheating t ogether an-
icipate the regulatory power of feedback into the pre-supernova
hase. Indeed, N . Murra y, E. Quataert & T. A. Thompson ( 2010 )
uantified the momentum and energy budget of these processes
nd showed that momentum injection during the pre-SN phase
hould be able to disperse molecular clouds and limit star forma-
ion, thus mitigating numerical overcooling and likely fostering
umerical convergence with resolution, consistent with the the-
retical fr amework of r adiation-pressure-supported starbursts of 
. A. Thompson, E. Quataert & N. Murray ( 2005 ) 
As was the case for SN feedback in the early 2000s, more re-

ent work has begun integrating pr e-SN pr escriptions into galaxy
ormation models (e.g. P. F. Hopkins et al. 2014 ; A. Núñez et al.
017 ; P. F. Hopkins et al. 2018 ; F. Marinacci et al. 2019 ; I. Shimizu
t al. 2019 ; B. W. Keller, J. M. D. Kruijssen & M. Chevance 2022 ,
nd r efer ences ther ein). While these models ar e not yet r outinely
eployed in large- volume h ydrodynamical cosmological simula-
ions, idealized galaxy and disc-patch experiments indicate that
hey can suppress runaway star formation in dense environments
nd help establish more realistic star formation efficiencies (e.g.
. Kannan et al. 2020 ). Observational evidence also supports this
ictur e: nearby g alaxies r eveal that early feedback pr ocesses, such
s photoionization and stellar winds, are capable of dispersing
olecular clouds on time-scales comparable to their dynamical

imes (J. M. D. Kruijssen et al. 2019 ; M. Chevance et al. 2022 ). 
Despite these advances, open questions r emain. For e xample,

hether radiation pr essur e and stellar winds inject enough mo-



Non-explosive pre-supernova feedback 3 

m  

fi  

o
t  

s
o

 

g  

h
t
(
m  

i  

f
s  

d
t  

u
n
c
o
h

f  

o
S
W
o
d
o

n
d
f  

N  

s  

i

2

T
s
2  

f  

h  

m
S  

O  

d
p
l
s  

r
a
s
o  

d  

o  

e
c

t

2

T
s
t  

c
m  

t  

d
m

w
t  

–  

l

a  

2  

m  

G  

b  

m  

f
t

 

p

w
 

g

w  

d  

w  

l  

s  

p

w

τ

H
s  

t  

c
t
e

i

τ

w  

l  

n

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/4/stag268/8472647 by U
niversita di M

ilano Bicocca user on 14 April 2026
entum to halt the collapse of giant molecular clouds before the
rst SN e e xplode is not fully settled. Mor eov er, the effectiv eness
f these processes depends sensitively on resolution: simulations 
hat fail to resolve SN remnants or ISM turbulence may misr epr e-
ent their relative impact, making pre-SN feedback less important 
verall (e.g. M. C. Smith, D. Sijacki & S. Shen 2019 ). 

Given the striking evidence of pr e-SN pr ocesses operating in
 alaxies, and the ever-gr owing adoption of these processes in
igher-r esolution simulations, her e we pr esent the implementa- 

ion of a new subgrid prescription for non-explosive pre-supernova 

NEPS) feedback designed for the colibre model of galaxy for- 
ation (E. Chaikin et al. 2025 ; J. Schaye et al. 2025 ). Our model

s timely and necessary for colibre given its relatively high ef-
ective resolution for large volume simulations, which, among 
ev eral other improv ements detailed below, allows the gas to cool
own to 10 K through careful tracking of the thermal balance of 
he ISM, enabling simulations t o resolv e the formation of molec-
lar clouds. Our work thus contributes to the ongoing commu- 
ity effort with a model designed for application in large-volume 
osmological simulations where resolving the detailed structure 
f individual star-forming clouds remains computationally pro- 
ibitive. 
The NEPS feedback model pr esented her e e xplicitly accounts 

or momentum and energy inputs from massive stars prior to the
nset of core-collapse SNe and is designed to complement the 
N feedback channel during the early stages of cloud collapse. 
e refer the reader to J. Schaye et al. ( 2025 ) for an application of 

ur NEPS module in cosmological simulations, and focus here on 

escribing its implementation, physics rationale, and its impact 
n galaxy-scale star formation. 

We begin in Section 2 by presenting the physical rationale and 

umerical implementation of the NEPS model. Section 3 briefly 
escribes our numerical code and the colibre model of galaxy 
ormation. We then detail the numerical set-up used to test the
EPS model in Section 4 . The results of our simulations are pre-

ented in Section 5 , followed by a discussion of their implications
n Section 6 . Our conclusions are summarized in Section 7 . 

 T H E  colibre EARLY  F E E D BAC K  MODEL  

he NEPS feedback model is implemented in the swift 

moothed particle hydrodynamics (SPH) code (M. Schaller et al. 
024 ) and is a core component of the colibre model of galaxy
ormation (J. Schaye et al. 2025 ). The physics module described
ere is designed to be fully consistent with the hybrid - chimes
odule for radiative cooling and chemistry (A. J. Richings, J. 

chaye & B. D. Oppenheimer 2014a , b ; S. Ploeckinger et al. 2025 ).
ur NEPS module is designed to capture the effects of three
istinct feedback channels that have been largely neglected in 

revious generations of large-volume hydrodynamical cosmo- 
ogical simulations of galaxy formation. These channels are all 
ourced by y oung, short-liv ed, massiv e stars: (i) st ellar winds, (ii)
adiation-pr essur e-driven winds, and (iii) local photoionization 

nd photoheating. As discussed below, these processes operate 
oon after stellar populations are born. Although they are applied 

ver a long time-scale, most of their energy budget is distributed
uring the first ∼ 10 Myr, a time-scale that matches the lifetime
f a massive O star. As such, all of these processes begin to inject
nergy into the medium on time-scales shorter than the onset of 
or e-collapse SN e. 

We begin by describing the ingredients of the subgrid prescrip- 
ion for our NEPS feedback module. 
.1 Stellar winds and radiation pr essur e fr om young stars 

he intense radiation emitted by young, massive, and short-lived 

tars driv es pow erful outflows that carry substantial momen- 
um. In addition, the energetic photons released by these stars
an be absorbed by surrounding gas and dust, imparting their 
omentum and dispersing star-forming g as. We r efer to these

wo channels as stellar wind-driven ( ̇  p sw 

) and radiation pr essur e-
riven ( ̇  p rad ) momentum outflows. We define the total specific 
omentum rate due to these processes as: 

˙ p ∗(t ∗, Z ∗) = ˙ p sw 

(t ∗, Z ∗) + ˙ p rad (t ∗, Z ∗) , (1) 

here we emphasize that the specific momentum rate, ˙ p ∗ – i.e. 
he momentum injected per unit initial stellar mass per unit time
depends on the age of the stellar population, t ∗, and its metal-

icity, Z ∗. 
To compute ˙ p sw 

for a given simple stellar population (SSP), we 
dopt the bpass stellar population models (J. J. Eldridge et al.
017 ; E. R. Stanway & J . J . Eldridge 2018 ), specifically using the
odel suite that includes the effects of binary interactions, for the
. Chabrier ( 2003 ) stellar initial mass function with mass limits
etween 0.1 and 100 M �. bpass provides the stellar wind-driven
ass-loss rate, ˙ m sw 

, and the associated energy output, ˙ E sw 

, as a
unction of the SSP age and metallicity. Metallicities outside the 
abulated range are clipped. 

The specific momentum injection rate of the SSP can be ex-
ressed in terms of these two quantities as 

˙ p sw 

(t ∗, Z ∗) = 

1 
m ∗

[
2 ˙ E sw 

(t ∗, Z ∗) ˙ m sw 

(t ∗, Z ∗) 
]1 / 2 

, (2) 

her e ˙ E sw 

and ˙ m sw 

ar e the total rates for an SSP of mass m ∗. 
The momentum injection rate due to radiation pr essur e is

iven by 

˙ p rad (t ∗, Z ∗) = 

1 
c 

∫ ∞ 

0 
F (λ; t ∗, Z ∗) f abs (λ)d λ, (3) 

here c is the speed of light, F (λ; t ∗, Z ∗) is the spectral energy
istribution per unit stellar mass of the SSP (taken from bpass ),
hich depends on the age and metallicity of the stars and wave-

ength, λ, and f abs (λ) is the fraction of photons absorbed by the
urr ounding g as. This absorption fraction depends on gas com-
osition and can be e xpr essed as 

f abs (λ) = 1 − e τ (λ) , (4) 

here the optical depth, τ (λ) , is defined by 

(λ) = 

∑ 

j 

τ j (λ) = 

∑ 

j 

∫ L 

0 
n j (l) σ j (λ) d l. (5) 

ere, n j and σ j denote the number density and absorption cross- 
ection of the j-th species, respectively, and L is the path length
hrough the int erv ening mat erial, which, for our model, and for
onsistency with the colibre model, is the maximum between 

he local thermal and turbulent Jeans lengths (see S. Ploeckinger 
t al. 2025 ). 

Neglecting the detailed density structure of the gas surround- 
ng newly formed stars, we appr o ximate the optical depth as 

j (λ) = n j 

∫ L 

0 
σ j (λ) d l = n j Lσ j (λ) ≡ N j σ j (λ) , (6) 

here N j is the column density of the jth species along the path
ength L . For this w ork, w e appr o ximate n j using the local SPH
umber density. 
MNRAS 546, 1–27 (2026) 



4 A. Benítez-Llambay et al. 

M

 

w  

s  

p  

i  

i  

c  

t  

t  

a  

t  

l  

b  

S  

t  

(  

t  

i  

r  

a  

o  

l  

s  

c
 

b  

c  

n  

s  

e  

s  

t  

t  

i
 

a  

a  

c  

a  

e  

a  

m
 

g

τ

τ

H  

t  

c  

a  

I  

p  

d  

H  

a
 

s  

T  

A

b  

g  

b  

d  

y  

d  

d

τ

w  

(
 

g  

r  

A  

T  

p
f  

d

τ

 

t  

a  

s  

a  

r  

i  

c
 

m  

i  

a  

m
o  

m  

m  

t  

a
 

m  

t  

m  

c
 

t  

c  

t  

d  

f  

t  

i  

s  

e  

d  

p
 

m  

g  

d  

d  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/4/stag268/8472647 by U
niversita di M

ilano Bicocca user on 14 April 2026
We note that our model assumes the single-scattering limit,
here a photon’s momentum is transferred only once upon ab-

orption. In dense, dusty environments, how ev er, a mor e comple x
rocess can occur: UV photons are absorbed and reprocessed into

nfr ared r adiation. If the medium is also optically thick to these
nfrared photons, then they can scatter multiple times before es-
aping, boosting the total momentum transfer by a factor related
o the infrared optical depth. Since our current model neglects
his multiple-scattering effect, it provides a conservative estimate
nd likely underestimates the total radiation momentum coupled
o the gas in the most opaque regions. While some studies in
ow gas surface density environments have found this effect to
e modest (e.g. J. Rosdahl et al. 2015 ; R. Kannan et al. 2020 ;
. H. Menon, C. Federrath & M. R. Krumholz 2022 ), its impor-
ance is expected to increase in the very high-density regimes
e.g. S. H. Menon, C. Federrath & M. R. Krumholz 2023 ). We
her efor e caution that our model likely underestimates the full
mpact of radiation pr essur e in the most vigorous star-forming
egions, and view the inclusion of multi-scattering effects as an
venue for future model development. While not examined here,
ur wavelength-dependent treatment of radiation pr essur e estab-
ishes a framework for future implementations to capture multi-
cattering effects – for example, by enhancing the momentum
ontribution in the infrared. 

For consistency with the hybrid cooling model used in coli-
re , we adopt the S. Ploeckinger et al. ( 2025 ) estimates for the
olumn densities of neutral and molecular hydrogen, as well as
eutral and ionized helium, and dust. These depend on gas den-
ity, temperature, metallicity, and redshift, which accounts for the
volution of the back gr ound radiation field, and they are used to
elf-consist ently calculat e the ionization balance, molecule frac-
ions, and cooling rates. With these column densities we estimate
he optical depths using equation ( 6 ), which allow us to estimate,
n turn, the fraction of photons absorbed by the gas. 

We tabulate the specific momentum input from stellar winds
nd radiation pr essur e pr edict ed by bpass , as a function of st ellar
ge and metallicity. Using the pr ocedur e described abov e, w e then
ompute the fraction of this momentum absorbed by the gas on
 grid spanning density , temperature, metallicity , and time. As
xplained above, for this calculation we adopt the equilibrium
bundances and shielding lengths pre-computed for the colibre
odel, as reported in S. Ploeckinger et al. ( 2025 ). 
The appr o ximat e optical depths for hy dr ogen and helium ar e

iven by 

H 

(λ) = σHI (λ) 
{

(N HI + 2 N H 2 ) if λ < λi, H2 
N HI if λ � λi, H2 

(7) 

He (λ) = σHe i (λ) 
{

(N He i + 0 . 75 N He ii ) if λ < λi, He ii 
N He i if λ � λi, He ii . 

(8) 

er e, σH I and σHe I ar e the neutral hydr ogen and helium absorp-
ion cr oss-sections, r espectively; N H i , N H 2 , N He i , and N He ii ar e the
olumn densities of neutral and molecular hydrogen and neutral
nd singly ionized helium, taken from S. Ploeckinger et al. ( 2025 ).
n practice, we use the maximum of the thermal and turbulent
r essur e (1D velocity dispersion of 6 km s −1 ) for the Jeans column
ensity, and use this value to calculate the column densities for
 i , He i , and He ii with chimes (A. J. Richings et al. 2014a , b ),

ssuming chemistry and ionization equilibrium. 
For dust absorption, we adopt the B. T. Draine ( 2003 ) ab-

orption cross- section, σdust ( λ) , for the J. C. Weingartner & B.
. Draine ( 2001 ) carbonaceous-silicate grain model with R V =
 V / (A B − A V ) = 3 . 1 , where A V is the total absorption in the V 
NRAS 546, 1–27 (2026) 
and and (A B − A V ) is the so - called selective absorption. The
rain abundances have been renormalized by a factor of 0.93 to
ett er mat ch the local ISM, following B. T. Draine ( 2003 ). The
ust mass per hydrogen nucleon is m dust / H 

= 1 . 398 × 10 −26 g H 

−1 ,
ielding a dust-to - gas ratio (D/G ) � = 5 . 9 × 10 −3 for the solar h y -
rogen mass fraction, X H 

= 0 . 74 . The corresponding dust optical
epth, which depends on the local gas properties, is then: 

dust (λ) = N H 

m dust / H 

D/G 

(D/G ) �
κabs (λ) , (9) 

here N H 

and D/G are again taken from S. Ploeckinger et al.
 2025 ). 

For the Lyman–Werner band (911.65 Å < λ < 1107 Å), which
ov erns H 2 self-shielding, w e adopt the fitting function for the
adiation suppression factor S 

H 2 
self from chimes (equation 3.12 in

. J. Richings et al. 2014a ). This depends on the gas temperature,
 , the H 2 column density, N H 2 , and the turbulent velocity dis-
ersion, σturb , 1D , which is assumed constant at σturb , 1D = 6 km s −1 

ollowing S. Ploeckinger et al. ( 2025 ). The corresponding optical
epth is: 

H 2 (λ) = −ln S 

H 2 
self (λ) . (10) 

The specific momentum rate that a given SSP can inject
hrough stellar winds and radiation pr essur e, as a function of time
nd metallicity, is presented in Fig. 1 . The top and middle panels
how the contributions from radiation pr essur e and stellar winds
nd their sum, r espectively, wher eas the bottom panel shows the
esulting total cumulative specific momentum. The momentum
s shown in all panels as a function of time, with different colours
orresponding to different metallicities. 

Fig. 1 shows that radiation pressure dominates the total specific
omentum rate budget, with stellar winds contributing signif-

cantly only at high metallicities and during the first few Myr
fter formation. For young stellar populations, the total specific
omentum available from SSPs reaches up to ∼ 5 × 10 7 cm s −1 

ver the sampled time-scale, with only a weak dependence on
etallicity (bottom panel). Importantly, more than half of this
omentum is delivered within the first 10 Myr after birth – a

ime-scale comparable to the lifetimes of the most massive O stars
nd preceding the peak of the SN rate from the SSP. 

Despite the fact that radiation pr essur e dominates the overall
omentum budget, only a fraction of this momentum is actually

ransferred to the surrounding medium. As discussed above, mo-
entum coupling r equir es that the g as first absorbs radiation, a

ondition that is only met in sufficiently dense and neutral gas. 
The tw o bott om panels of Fig. 2 quantify the actual radia-

ion momentum rate absorbed by the medium by showing the
umulative fraction of this momentum that is absorbed rela-
iv e t o the incident radiation momentum. Since the outcome
epends sensitively on metallicity, results are presented as a
unction of stellar age and gas density, for two characteristic
emper ature-density tr acks: one following the equilibrium cool-
ng curve at solar metallicity (middle panel), and the other corre-
ponding to primordial composition gas (bottom panel). For ref-
rence, the two tracks are shown in the top panel, with coloured
ots indicating the corresponding density displayed in the lower
anels. 
Fig. 2 illustrates that the efficient transfer of radiation mo-
entum from an SSP to the gas occurs primarily in dense (cold)

as, rich in neutral and molecular hydrogen and dust. At lower
ensities, and consequently higher temperatures ( T � 10 4 K),
ust is destroyed and the gas becomes highly ionized, reducing
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Figure 1. Top: Decomposition of the momentum rat e, predict ed by 
bpass for a G. Chabrier ( 2003 ) IMF, into contributions from stellar winds 
(solid lines) and radiation pr essur e (dashed lines). While radiation pres- 
sure dominates the total momentum budget, only a fraction of this mo- 
mentum couples effectively to the gas (see Fig. 2 ). Middle: Total spe- 
cific momentum rate as a function of stellar age ( x -axis) and metallicity 
(coloured lines, as indicated by the legend). Bott om: Cumulativ e t otal 
specific momentum as a function of age and metallicity. For comparison, 
the dashed line indicates the cumulative momentum rate expected from 

core-collapse SN in colibre . 
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Figur e 2. Top: Equilibrium temperatur e as a function of density for 
solar (solid) and primordial (dashed) metallicity g as, computed fr om the 
redshift z = 0 colibre cooling curves. Coloured dots mark the density 
v alues illustr at ed in the low er panels. Middle: Ratio of absorbed t o in- 
cident radiation momentum rate as a function of stellar age (x-axis) for 
solar metallicity gas, with different colours corresponding to the densities 
marked abov e. Bott om: Same as the middle panel, but for gas of primor- 
dial metallicity. The horizontal dashed lines indicate unity. We adopt a 
solar dust-to - gas (D/G) � ratio and no dust for gas of solar and primordial 
metallicity , respectively . 
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ts opacity and weakening the coupling between radiation and 

atter. This coupling is further complicated by a time-dependent 
nt erplay betw een the ev olving st ellar energy distribution (SED)
nd the metallicity-dependent opacity of the gas. At solar metal- 
icity, the dense gas is already highly opaque, leading to a consis-
ently high absorption efficiency that declines slightly over time 
s the stellar population’s SED softens. In contrast, at primordial 
etallicity, the initially hard SED from hot, metal-free stars is ef-

ectively absorbed, but the aging population’s SED cannot provide 
nough photons that couple to the highly ionized transparent 
etal-poor gas, causing the momentum coupling efficiency to 

rop over time. 
Finally, Fig. 3 shows the fraction of stellar wind–driven mo -
entum rat e relativ e t o the t otal effectiv e absorbed momentum
MNRAS 546, 1–27 (2026) 



6 A. Benítez-Llambay et al. 

M

Figure 3. Top: F r action of specific st ellar winds-driv en momentum rat e 
relativ e t o the t otal effectiv e momentum rat e absorbed, as a function of 
stellar age ( x -axis) for solar metallicity gas and a solar metallicity SSP. 
Differ ent colours corr espond to the densities and temperatures marked 
in the top panel of Fig. 2 . Bottom: Same as the middle panel, but for 
primordial metallicity gas. 
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ate, for both solar (top) and primordial (bottom) metallicity gas.
he total effective momentum rate here refers not to the full
omentum budget predicted by bpass (as shown in Fig. 1 ), but

ather to the combined contribution of stellar winds and the
r action of r adiation momentum that is actually absorbed by the
as in our model. Results are presented for a range of densities
nd temperatures along the equilibrium cooling curve tracks dis-
layed in the top panel of Fig. 2 , with line colours corresponding
o the gas density of the dots in that panel. Fig. 3 highlights that
lthough radiation pr essur e dominates the intrinsic momentum
udget, its inefficient coupling to the gas – especially at low
ensities – makes stellar winds the dominant source of absorbed
omentum in diffuse ( n H 

� 0 . 1 cm 

−3 ) environments. At typical
SM densities ( n H 

� 1 cm 

−3 ) and for solar metallicity, winds con-
ribute roughly half of the absorbed momentum at early times,
ith radiation pr essur e accounting for the remainder. For primor-
ial composition gas, stellar winds contribute very little during
he early stages, making radiation pr essur e the dominant sour ce
f early feedback. 

Having established the relative contributions of stellar winds
nd radiation pr essur e, w e now turn t o the physical ratio-
ale underlying the formation of H ii regions in our NEPS
odel. 
NRAS 546, 1–27 (2026) 
.2 H II regions around young stellar populations 

adiation from young massive stars produces ionized regions
H ii regions), with characteristic temperatures of T ∼ 10 4 K,
 esulting fr om the balance betw een phot oheating and radiativ e
ooling. In a homogeneous medium illuminated by a single ion-
zing source and assuming photoionization equilibrium, the size
f an H ii region is given by the Strömgren radius: 

 H ii = 

(
3 ˙ Q (t ) m ∗
4 παB n 

2 
H 

)1 / 3 

, (11) 

here ˙ Q (t ) is the ionizing photon rate per unit stellar mass, m ∗ is
he stellar mass of the source, n H 

is the hydrogen number density
f the medium, and αB is the case-B recombination coefficient.
or a temperature of T = 10 4 K, αB ≈ 2 . 6 × 10 −13 cm 

3 s −1 , yield-
ng a Str ömgr en radius of: 

 H ii ≈ 0 . 46 kpc 
( ˙ Q (t ) 

10 13 g −1 s −1 

)1 / 3 ( m ∗
10 5 M �

)1 / 3 ( n H 

1 cm 

−3 

)−2 / 3 
. 

(12) 

ote that the development of the ionized cavity is not instanta-
eous; its size depends on time. The time-dependent size of the
 ii region can be written as 

 H ii (t ) = r H ii 
(
1 − e −t/t rec 

)1 / 3 
, (13) 

her e the r ecombination time- scale, t rec = ( n H 

αB ) −1 , for gas at
 = 10 4 K, becomes 

 rec ≈ 0 . 1 Myr 
( n H 

1 cm 

−3 

)−1 
. (14) 

The previous equation shows that, at typical ISM densities, the
ormation time-scale of ionized H ii cavities of size r H II is much
horter than the lifetimes of young massive stars. In our model we
ompute the time-dependent evolution of r H II self-consistently
sing equation ( 13 ). 
Fig. 4 presents the ionizing photon emission rate (top) and the

umulative number of ionizing photons (bottom) per unit stellar
ass, as predicted by bpass. The rapidly declining emission rate

mplies that the majority of photons are released within the first
0 Myr after star formation. Both the instantaneous rate and the
nt egrat ed phot on budget depend strongly on metallicity, with
ow -metallicity SSP s pr oducing substantially mor e ionizing pho-
ons, and at higher rates, than their metal-rich counterparts. 

.3 Numerical implementation 

aving outlined the physical processes and appr o ximations un-
erlying our simple model for stellar winds, radiation pr essur e,
hot oionization, and phot oheating, w e now describe how these
arly feedback channels are implemented in the colibre model
f galaxy formation (J. Schaye et al. 2025 ), which uses the swift
PH numerical code (M. Schaller et al. 2024 ). 

.3.1 Momentum injection 

n an SPH simulation, directly injecting momentum into dense
as particles is prone to rapid dissipation: because these par-
icles are tightly packed and have short hydrodynamical time-
cales, the injected kinetic energy quickly thermalizes and is
edistribut ed t o neighbouring particles thr ough pr essur e for ces
nd shocks, preventing the feedback from driving significant gas
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Figure 4. Ionizing photon rate (top) and cumulative number of ionizing 
phot ons (bott om), emitt ed per unit mass, as a function of stellar age, for 
SSPs of different metallicities (coloured lines), as predicted by bpass. 
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otions. Moreover, radiation pressure couples efficiently only to 
he densest gas, further limiting the impact of kinetic momen- 
um injection. To circumvent these potential issues, we adopt a 
tochastic momentum injection scheme similar to that of C. Dalla 
ecchia & J. Schaye ( 2008 ), in which the available momentum

s delivered in discrete kicks with controlled velocities, ensuring 
hat the total momentum budget is conserved while allowing in- 
ividual particles to respond dynamically before dissipation dom- 

nates. These kicks are set to have a large velocity relative to the
edium sound speed, which effectively causes the total available 
omentum to be distributed only to a subset of particles of the

tar SPH kernel. Note that here we refer to the SPH kernel of a
tellar particle, rather than that of a gas particle. Although stellar
articles are collisionless in colibre , the code assigns them an 

ffective SPH kernel that defines their domain of influence based 

n the surrounding gas particles. This kernel is used both for in-
ecting stellar feedback and for continuously distributing metals 
nto the surrounding gas. We leverage this infrastructure for our 
tochastic NEPS momentum injection implementation. 

Within the stochastic implementation approach, if we aim for 
 velocity kick, 
v 0 , then the pr obability of giving an SPH g as
article this velocity kick in a time step, 
t, is 

 ( 
v 0 ) = ˙ p ∗(t ∗, Z ∗) 
(


t 

v 0 

)(
m ∗

M ngb 

)
, (15) 

here m ∗ is the mass of the newly formed stellar particle (rep-
 esenting an entir e SSP), and M ngb is the mass contained within
he stellar particle SPH kernel. We can appr o ximate M ngb by
 ngb ≈ N ngb m g , where N ngb is the typical number of gas particles
ithin the kernel, and m g is the gas particle mass. Since the

as and star particle masses are nearly identical in colibre , the
r obabilities ar e largely insensitiv e t o the numerical resolution.
quation 15 shows that the probability of kicking a gas particle
ecreases inversely with the chosen velocity kick, 
v 0 : stronger 
icks imply that fewer particles can be selected for momentum 

njection, while weaker kicks distribute the available momentum 

cr oss mor e neighbours. 
A ccor ding to bpass , the total specific momentum rate that

 young SSP can impart to its surroundings typically does not
 x ceed ˙ p ≈ 3 × 10 6 cm s −1 Myr −1 . For a desired velocity kick
f 
v 0 = 50 km s −1 , the probability of a momentum injection
vent affecting a gas particle is ther efor e below 10 per cent over
he ∼ 10 Myr lifetime of a massive O star, assuming N ngb = 100
eighbours for simplicity . Consequently , momentum injection 

t this kick velocity would, on average, directly affect less than
0 per cent of a collapsing self-gravitating SPH cloud within 10
yr. In practice, the SPH kernel may contain fewer particles, 
hich would double this efficiency; for instance, assuming 50 
eighbours – an unrealistically low bound for the colibre SPH 

ormulation – would raise the maximum effective momentum 

oupling to ∼ 20 per cent. Note that despite this relatively weak
oupling, particles receiving these kicks may, in turn, disturb 
heir neighbours, potentially generating turbulence within the 
ollapsing cloud. 

Alt ernativ ely, enfor cing a pr obability of unity for all particles
ithin the SPH kernel yields a velocity kick 
v 0 ≈ 3 km s −1 ,
hich is so small that it is not expected to affect significantly the

ollapse of large gas clouds forming in simulations that cannot 
esolve the internal structure of cold molecular clouds. 

In colibre, we adopt 
v 0 = 50 km s −1 , a compromise between
 velocity large enough to disperse a small fraction of the gas
articles contributing to the formation of massive gas clouds in 

he ISM, and a value that is physically reasonable, being highly
upersonic relative to the cold and warm ISM. For r efer ence,
ispersing a minimal. 1 self-gravitating SPH cloud r equir es kick- 

ng its particles with velocities significantly e x ceeding the cloud’s
ound speed. In colibre, star formation depends on the local 
as density and temperature, but stars predominantly form in 

as colder than ∼ 1000 K , corresponding to a sound speed of 
4 km s −1 . A velocity kick of 50 km s −1 is thus highly super-

onic relativ e t o the cold ISM in which stars form, and also su-
ersonic relative to the warm ( T ∼ 10 4 K) ISM. For r efer ence,
he adopt ed v elocity kick for supernova-driv en turbulence in
olibre matches our adopted value for 
v 0 (E. Chaikin et al.
023 ). 

We e xplor e the impact of v arying this par ameter in Ap-
endix A , where we demonstrate that for momentum to be ef-
ective at suppressing runaway collapse and regulating the star 
ormation history of an unstable disc, the specific value of the
ick velocity needs to be highly supersonic, with velocities ex- 
eeding ∼ 20 km s −1 . For stable discs, the exact choice of the
ick velocity is largely irr elevant. Furthermor e, as we show in
ection 5.2 , thermal feedback from H ii regions is the dominant
 egulatory pr ocess within our NEPS feedback model. 
MNRAS 546, 1–27 (2026) 
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.3.2 H ii regions 

hile precise treatment of H ii regions requires multi-frequency
adiation hydrodynamics and very high numerical resolution, an
ppr o ximate tr eatment can captur e its main effects. Given the
umerical complexity and computational cost of a full treatment
nd the need to define a physical search radius around young
tars to deposit ionizing photons, a sensible compromise is to
imit the growth of H ii regions to the minimum scale of self-
ravitating SPH clumps where stars form. This approach allows
he onset of ionized and phot oheat ed regions t o be modelled
ppr o ximately, without the high computational cost of deposit-
ng phot ons bey ond the SPH kernel of stars, while taking full
dvantage of the existing SPH framework already in place in
wift . For sufficiently high densities, the Str ömgr en radius is
ntirely contained within the SPH kernel of the stars, making this
ppr o ximation r easonable. 

We can determine the density above which this appr o ximation
s valid by requiring that the mass of an H ii region, 

 H ii = ρgas 
4 
3 
πr 3 H ii , (16) 

oes not e x ceed the minimum mass of an SPH self-bound clump,
 ngb . Equating these two quantities defines a thr eshold g as den-

ity, ρgas , above which the Str ömgr en radius r emains fully con-
ained within the SPH kernel, and below which the ionized re-
ion would extend beyond the kernel. Expressed in terms of the
ydrogen number density, n H 

= ρgas X H 

/m p , this threshold is 

 H 

� n H , min = 1 cm 

−3 
( ˙ Q (t ) 

10 13 g −1 s −1 

) (
m ∗
m g 

)

×
(

X H 

0 . 75 

)−1 (N ngb 

100 

)−1 

, (17) 

here X H 

is the hydrogen mass fraction. This minimum density
hreshold, n H , min , is insensitive to the adopted numerical resolu-
ion if the gas particle mass is similar to that of the star particles.
ow ev er, although for densities above n H , min there is sufficient
ass within the SPH kernel to absorb the ionizing photons emit-

ed by a newly formed SSP, the methodology eventually breaks
own at very high densities. As the gas density increases, the
hysical mass of an H ii region decreases, eventually becoming
maller than that of a single SPH gas particle. This limitation is
vident from the H ii mass definition, which can also be e xpr essed
xplicitly as a function of density: 

 H ii ≈ 10 8 M �

( ˙ Q (t ) 
10 13 g −1 s −1 

) (
m ∗

10 6 M �

)

×
( n H 

1 cm 

−3 

)−1 
(

X H 

0 . 75 

)−1 

. (18) 

quating M H II = m g defines the density threshold above which
he mass of a single SPH particle e x ceeds that of an H II region. 

 H 

� n H , max ≈ 200 cm 

−3 
( ˙ Q (t ) 

10 13 g −1 s −1 

)(
m ∗
m g 

) (
X H 

0 . 75 

)−1 

. (19) 

imilarly to n H , min , the threshold density n H , max is independent
f numerical resolution, since it depends on the ratio of stellar to
as particle masses, which are approximately equal in colibre . 

Thus, the development of H ii r egions ar ound young SSPs re-
uires that the mass of the ionized cavity does not e x ceed that
f the SPH kernel. Otherwise, an SSP forming inside the cloud
ould be unable to deposit its ionizing photons, leading to energy
NRAS 546, 1–27 (2026) 
osses. Conversely, in an SPH simulation, the mass of the H ii
egion cannot fall below that of a single gas particle. 

To mitigate these issues we implement the heating and ioniza-
ion of individual gas particles in a stochastic manner, ensuring
hat the total mass of H ii regions is correct on average. This is
ccomplished by assigning each gas particle in the vicinity of a
oung SSP – i.e. within the SPH kernel of a newly formed star
article – the following probability of being tagged as part of an
 ii region: 

 H ii = min 

(
M H ii 

M ngb 
, 1 

)
. (20) 

his probability is insensitive to the simulation r esolution, pr o-
ided that the masses of gas and star particles are comparable,
hich is the case in colibre . 
For gas particles labelled as H ii regions we perform the follow-

ng operations: 

(i) we set their temperature to T = 10 4 K; 
(ii) we fully ionize their hydrogen and helium; 
(iii) w e prev ent them from cooling below 10 4 K, recombining,

nd forming stars during a time int erval 
t H ii , aft er which their
emperature and ion abundances can evolve freely. 

Choosing a small value for 
t H ii ensures good temporal sam-
ling of the SSP’s radiation field and prevents star particles from
r ematur ely leaving their own H ii regions. We therefore recal-
ulate H ii regions around young star particles at discrete time
nterv als, 
t H ii = 2 Myr. A t each step, the mass of the H ii region
s calculated based on the average ionizing luminosity the SSP
ill emit. The gas particles within the star particle’s SPH kernel

re then stochastically selected to be part of the H ii region based
n the probability given by equation ( 20 ), and prev ent ed from
ecombining and cooling during 
t H ii . This process continues
ntil the star particle is older than 50 Myr, by which time the
ast majority of ionizing photons have been emitted. After a time
t H ii , the H ii region tag is removed, and the temperature and ion

bundances of the gas particles can ev olv e ag ain fr eely accor ding
o the cooling and chemistry solver. 

We stress that the choice of 
t H ii = 2 Myr ensures that the
hermal energy has a lasting dynamical impact. At high densities
 n H 

� 1 cm 

−3 ), where star formation occurs, the physical recom-
ination and cooling times are typically shorter than 2 Myr. If we
 ere t o allow the gas t o cool and r ecombine accor ding to the phys-

cal rates, the injected thermal energy would be radiated away
lmost instantaneously, before it could exert significant pressure
nd have a dynamical impact. This issue is a common challenge
or feedback implementations at finite resolution. We explicitly
void scaling 
t H ii with the local density, as this would dramati-
ally reduce the feedback duration in the densest g as, intr oducing
umerical over cooling . Instead, the choice of 
t H ii = 2 Myr en-
ures the heating duration is comparable to the sound-crossing
ime of the star-forming gas in our high-resolution simulations,
llowing pr essur e t o effectiv ely driv e e xpansion. We e xplor e the
ensitivity of our model to the value of 
t H ii in Appendix B .
s shown in Fig. B1 , choosing values smaller than 1 Myr leads

 o ov er cooling, r endering the feedback ineffective. A value of 
t H ii � 1 Myr is r equir ed to ensur e the thermal energy couples

ynamically to the gas. 
Our implementation is ther efor e functionally a ‘delayed cool-

ng’ scheme, which artificially sustains a high-pr essur e, pho-
oionized phase around young stars for a duration comparable to
he early lifetime of massive stars, until the onset of core-collapse
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N e. This appr oach ensur es that the thermal energy budget from
hot oionization is effectiv ely coupled t o the gas as mechanical
ork, providing the pressure support needed to regulate local 

tar formation prior to the first core-collapse SN events begin 

t roughly 3 Myr (see the dashed line in the bottom panel of 
ig. 1 ). This method should be regarded as a subgrid model for

he int egrat ed pr essur e e x erted by an H ii region over its early
ifetime, rather than as a direct simulation of the ionization–
ecombination cycle around star-forming regions. 

Although our model captures the local pr essurization fr om H ii
egions, a key limitation is that feedback is confined to the SPH
ernel of individual star particles. As a result, the total mass of 
verlapping H ii regions may be underestimated when multiple 
tar particles influence the same gas. 

Finally, w e not e that for gas densities significantly lower than
hose of the ISM ( n H 

	 1 cm 

−3 ; equation ( 17 )), our model under-
stimates the amount of material photoionized by newly formed 

tars. We acknowledge this inconsistency on these scales, but 
 e not e that this is unlikely t o impact the properties of simu-

ated galaxies since (i) star formation typically occurs at higher 
ensities unless the metallicity is very high or the resolution too 
oor; and (ii) at these low densities, competing effects – such as
hot oionization and phot oheating from the collectiv e int erst el-

ar radiation field and the external UVB – dominate the pho- 
on budget, r eg ar dless of the star formation pr escription. Both
f these pr ocesses ar e modelled in colibre – so the additional
eating from our NEPS module would be hydrodynamically 
nimportant. 

 NUMERICAL  CODE  AND  GAL AXY  

ORMATION  MODEL  

s we will explain later on, to test the implementation of our
olibre NEPS feedback module, we carry out a suite of ideal- 

zed disc galaxy simulations, described in detail in Section 4.2 . 
ompared to large-volume simulations starting from cosmologi- 
al initial conditions, these controlled experiments offer two key 
dvantages: they are computationally less expensive, and they 
llow us to isolate the impact of early feedback in a systematic
anner. The application of the colibre galaxy formation model 
including the NEPS feedback alongside other baryonic physics 

elevant to galaxy formation – is presented in detail by J. Schaye 
t al. ( 2025 ). 

.1 C OLIBRE g alaxy formation model 

he colibre galaxy formation model is implemented within the 
pen-source N-body + SPH code swift (M. Schaller et al. 2024 ).
ere we summarize the colibre subgrid prescriptions that oper- 

t e on t op of swift’s gravity + hy drodynamics solv er – specifically
hose governing gas cooling, star formation, and SN feedback 

nergy injection – which are most relevant for the simulations 
resented in this work. 
On top of the modules described below, colibre also includes 

he following processes: stellar mass loss and chemical enrich- 
ent, turbulent diffusion, dust grains, supermassive black holes, 

nd AGN feedback. These processes, although crucial for galaxy 
ormation in large-volume simulations, are less relevant for our 
urposes, so we refer the reader to J. Schaye et al. ( 2025 ) for a
iscussion of the full model. 
.1.1 Radiative cooling and heating 

adiative cooling and heating are computed as described in S. 
loeckinger et al. ( 2025 ). In short, these rates are calculated us-

ng the hybrid - chimes module, which tracks cooling down to
emperatur es of appr o ximately 10 K, a process made possible by
he explicit tracking of molecular hydrogen, dust cooling and 

eating, metal-line cooling, and shielding by dust and gas. A key
eature of the cooling model is its hybrid approach to chemical
volution. The abundances of nine hydrogen and helium species, 
ncluding molecular hydr ogen, ar e tracked in non-equilibrium 

sing the chimes chemical network (A. J. Richings et al. 2014a ,
 ). In contrast, for computational efficiency, the cooling rates 
or 9 metal coolants (C, N, O, Ne, Mg, Si, S, Ca, and Fe) are
re-computed using chimes assuming chemical equilibrium. 
rucially, how ev er, these metal line cooling rates are corrected
n-the-fly using the nonequilibrium free electron density pro- 
ided by the hydrogen and helium atoms, ensuring a more self-
onsistent treatment of cooling and heating than simulations 
ssuming ionization equilibrium. 

The cooling and chemistry are coupled to the on-the-fly model 
or dust grain ev olution, present ed in J. W. Trayford et al. ( 2025 ).
his coupling allows the simulation to self-consistently account 

or several critical processes, including the depletion of gas-phase 
etals onto dust grains, which directly affects metal-line cool- 

ng; the formation of molecular hydrogen on the surface of dust
rains; and photoelectric heating by dust grains and direct dust 
ooling from grain-to - gas collisions, with rates that depend on the
rain size distribution. 

While the simulations do not perform full radiative transfer, 
hey incorporate its main effects through an appr o ximate tr eat-

ent of shielding. The attenuation of the back gr ound radiation
rom the UVB and from local stellar sources by gas and dust is esti-

ated using the local Jeans column density. This approximation, 
trictly valid only for self-gravitating gas, accounts for shielding 
y dust, H i , H 2 , He i , He ii , and CO, and uses the maximum of 
he thermal and turbulent Jeans lengths to account for possible 
ffects of turbulence in the simulation. 

We note that for the numerical experiments presented in this 
 ork, w e use pre-computed cooling tables that assume ionization

quilibrium for numerical efficiency. The full non-equilibrium 

hemistry and on-the-fly dust models are therefore not activated. 
or r efer ence, Fig . 5 shows typical density-temperatur e tracks

or gas in ionization equilibrium resulting from these tables, 
oloured by metallicity. These tracks correspond to the equilib- 
ium temperatures at which photoheating – due to the external 
VB and the adopted interstellar radiation field – balances radia- 

ive cooling. 

.1.2 Star formation 

n colibre, stars form in gas that is locally self-gravitating, fol-
owing the prescription presented by F. S. J. Nobels et al. ( 2024 ).
n short, star formation is implemented stochastically, following 
he Schmidt law (M. Schmidt 1959 ) with an efficiency per free fall
ime of 1 per cent, and is computed on gas particles that are locally
r avitationally unstable. The gr avitational instability criterion is 
ssessed by requiring that the local free-fall time of a minimal
PH gas cloud is shorter than the sound crossing time over the
PH kernel, for which the ‘effective’ sound speed is calculated by
dding in quadrature the thermal and turbulent velocity disper- 
ions. This r equir ement makes g as particles eligible to form stars
MNRAS 546, 1–27 (2026) 
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Figure 5. Redshift z = 0 colibre equilibrium temperature as a function 
of density in ionization equilibrium, for various metallicities. 
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rovided: 

σ 2 
therm 

+ σ 2 
turb , 3D 

GN 

2 / 3 
ngb m 

2 / 3 
g , i ρ

1 / 3 
gas 

< 1 . (21) 

n the previous equation, σtherm 

and σturb , 3D are the thermal and
D turbulent v elocity dispersion, respectiv ely; m g and ρgas are,
espectively, the mass of the i th gas particle and its density, and G
s the gravitational constant. 

.1.3 Cor e-c ollapse supernova feedback 

olibre includes a SN feedback model designed t o driv e large-
cale galactic winds. The scheme builds on the stochastic thermal
eedback method of C. Dalla Vecchia & J. Schaye ( 2012 ), in which
he energy from core-collapse SNe is accumulated and released in
iscrete heating events. In each event, neighbouring gas particles
re heated by a large temperature increment, 
T SN 

, ensuring that
he injected energy is not immediately radiated away. 

Relativ e t o pr evious implementations, colibre intr oduces sev-
ral key innovations. First, energy by core-collapse SNe is injected
n a dual mode: the bulk (90 per cent) is delivered thermally, while
 smaller fraction is imparted kinetically through low-velocity
50 km s −1 ) kicks to neighbouring gas particles using the imple-

entation of E. Chaikin et al. ( 2023 ). Secondly, the temperature
ncr ement, 
T SN 

, is not fix ed but incr eases with ambient g as
ensity, allowing SN events to more effectively target lower den-
ity material while mitigating radiative losses at higher densities.
hirdly, the energy budget available for feedback is not constant,
ut increases with the thermal pr essur e of the cloud from which
tars are born, making SN feedback naturally more effective in
igh-pr essur e envir onments. Fourth, the model also accounts for
ype Ia SNe, which contribute energy through the same stochas-

ic thermal scheme but without the pr essur e dependence. Finally,
he colibre feedback scheme distributes the energy to the gas
articles in a statistically isotropic manner, following the algo-
ithm of E. Chaikin et al. ( 2022 ). 
NRAS 546, 1–27 (2026) 
For a complete description of the colibre SN feedback model,
e refer the reader to J. Schaye et al. ( 2025 ). In this work, we

nclude SN feedback fr om cor e-collapse and type-Ia SNe, set-
ing the main parameters to the following values: 
T min = 10 6 . 75 

, 
T max = 10 8 K, n H , pivot = 0 . 6 cm 

−3 , f E , min = 0 . 3 , f E , max = 4 . 0 ,
nd P E , pivot /k B = 1 . 5 × 10 4 K cm 

−3 , independently of resolution
see E. Chaikin et al. 2025 ; J. Schaye et al. 2025 , for a description
f these parameters). 

 T H E  S I M U L AT I O N S  

aving laid out the physical rationale and numerical implemen-
ation of our NEPS colibre module, we now proceed to test
ts impact in numerical simulations. We begin by describing the
umerical setup. We note that while colibre explicitly models
hemical enrichment and dust grain evolution, these subgrid
odules have been deactivated for the numerical experiments

iscussed here. 

.1 Initial conditions 

o test the implementation of our NEPS feedback module in col-
bre, we consider redshift z = 0 simulations of isolated gaseous
iscs embedded in an external Nav arro–F renk–White dark mat-
er halo (J. F. N avarr o, C. S. Frenk & S. D. M. White 1996 ) of 
irial 2 mass, M 200 = 1 . 5 × 10 12 M �, and concentration, c = 10 . To
imic the presence of an already formed thick st ellar disc, w e

lso include an external axisymmetric Miyamoto–N ag ai poten-
ial (M. Miyamoto & R. N ag ai 1975 , MN her eafter) with a mass,
 MN 

= 3 × 10 10 M �, a scale radius, R MN 

= 4 kpc , and a scale
eight, Z MN 

= 0 . 4 kpc . 
The live gaseous component is initialized as an exponential

isc with an initial mass M d , which we vary by factors of 2 in
he range M d = 5 × 10 9 M � to M d = 2 × 10 10 M �. The disc has a
cale radius R d = 0 . 02 r 200 , where r 200 is the virial radius of the
ark matter halo, and a vertical scale height z d = 0 . 1 R d . Note
hat the gaseous disc scale height quickly relaxes into vertical
quilibrium so our r esults ar e not sensitive to the initial choice
f z d . 

The gas particles sampling the gaseous disc are initially placed
n circular orbits, with a circular velocity matching the sum in
uadrature of the circular velocities of the halo, the stellar disc,
nd the live gaseous disc at the particles’ location. In all cases, the
aseous component contributes negligibly to the overall circular
elocity, so the rotation curve is dominated by the external halo
nd the stellar disc potentials. The initial temperature of the gas
articles is set to T = 10 5 K, and they quickly cool down to the
quilibrium temperature of solar metallicity depicted in the top
anel of Fig. 2 . 
For our numerical experiments, we consider three resolution

evels, sampling the disc with gas particle masses of 10 6 , 10 5 ,
nd 10 4 M �. We refer to these resolutions as m6 , m5 , and m4 ,
espectively, following the colibre nomenclature. 3 This setup
esults in simulations that sample the disc with as few as 5000
articles for the least massive disc at the lowest resolution and
p to 2000 000 particles for the most massive disc at the highest
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esolution. How ev er, due t o the high computational cost of run-
ing the most massive discs at the highest resolution, we restrict
imulations of the most massive disc to the m6 and m5 resolutions.
onsequently, the most massive disc is initially realized with at 
ost 200 000 gas particles. 
Unlike the usual approach of scaling the gravitational soften- 

ng with resolution, we choose to keep it constant, appr o ximately
atching the value that a high-resolution colibre simulation 

ould adopt at m4 resolution. In colibre, the adopted gravita- 
ional softenings are εm6 = 700 pc and εm5 = 350pc (see table 2
f J. Schaye et al. 2025 ), which would imply εm4 ≈ 175 pc . We
dopt a slightly smaller value, εm4 = 100 pc , in all our runs. This
hoice ensures that any lack of convergence in our experiments 
eflects the available spatial dynamic range (i.e. the number of 
articles) rather than variations in the gravitational softening. We 
ote that, at the time of writing, colibre has not yet been run at
4 resolution within a cosmological large volume. 
We aim t o charact erize our NEPS feedback module in the con-

ext of an already-formed galaxy. To this end, we initialize the
aseous disc with solar metallicity ( Z � = 0 . 013 ), and the solar
elativ e abundance patt ern. The choice of metallicity at fixed 

isc mass influences the stability of the disc, since the cooling 
fficiency – and thus the thermal pr essur e – of the gas at a given
ensity depends on its metallicity (see Fig. 5 ). Conversely, at fixed
etallicity, the mass of the gaseous disc regulates both the overall 

tability of the system and the char acteristic w avelength of the
nstabilities that develop. 

Finally, note that because we do not use the colibre live dust
odel, the dust-to - gas ratio in our simulations is solar for gas of 

olar metallicity or zero for primordial gas. 

.2 Intrinsic disc instabilities 

or the adopted metallicities and masses, all our discs are initially
ighly unstable according to the Toomre criterion ( Q < 1 ; A.
oomre 1964 ). The characteristic scale of the resulting instabil- 

ties is set primarily by the gas disc surface density. This follows
rom the fact that the gaseous component contributes negligibly 
o the rotation curve, so that the critical unstable wavelength, λcrit , 
epends only on the gas surface density, 
: 

crit = 

4 π2 G 


κ2 , (22) 

here the epicyclic frequency is given by κ ≈ 2 V c (R ) /R , which
 emains appr o ximately constant acr oss our discs. Her e, V c (R )
enotes the total circular velocity at radius R . 
Fig . 6 pr esents the stability analysis of the live gaseous discs.

ach column corresponds to a different disc gas mass (indi- 
ated at the top), while the four rows display diagnostic quan-
ities relevant for assessing disc stability. Coloured lines show 

ir ect measur ements fr om simulations that include star forma-
ion but e x clude feedback, with small dots marking the specific
adii where measurements are performed. All quantities are eval- 
at ed aft er ev olving the discs for ≈ 100 Myr , roughly one or-
ital time at R d . Results are shown for three numerical resolu-
ions: m gas = 10 6 M � ( m6 , blue), m gas = 10 5 M � ( m5 , orange), and
 gas = 10 4 M � ( m4 , green). For comparison, the black dashed

ines indicate the values e xpected fr om the initial surface density
rofiles. 
The top panels demonstrate that all discs remain in radial 

quilibrium, independent of resolution or mass: their profiles are 
nchanged relative to the initial conditions (dashed lines). 
The second row shows the Toomre parameter, Q , defined as 

 = 

c s κ
πG 


, (23) 

here c s is the mid-plane sound speed and κ the epicyclic fre-
uency. These panels confirm that, across all disc masses and 

 esolutions, the systems ar e formally unstable ( Q < 1 ; horizontal
otted line), with the instability strengthening (i.e. Q decreasing) 
s the disc gas mass increases. As we discuss below, how ev er, the
bility of a given simulation to actually capture these instabilities 
epends on resolution, and not all setups are able to do so. 
The third row of Fig. 6 shows the most unstable wavelength,

crit / 2 (equation 22 ), as a function of radius. The characteristic
nstable scale increases with disc gas mass, ranging at R = 1 kpc

rom a few hundred parsecs in the least massive discs to ∼ 1 kpc
n the most massive, with the largest wavelengths occurring at 
arge radii. 

The bottom row demonstrates that not all simulations can re- 
olve these instabilities. Properly resolving an instability of wave- 
ength λ r equir es that both the SPH smoothing length 

4 and the
ravitational softening length be smaller than λ. The median 

moothing lengths shown here exceed λcrit / 2 unless either the 
esolution, the disc mass, or both are sufficiently high. For ex-
mple, in the least massive disc (left column), only runs with
 gas < 10 5 M � begin to marginally resolve unstable r egions. B y

ontrast, the m6 simulations cannot resolve λcrit even with a few 

moothing lengths and ar e ther efor e e xpect ed t o be artificially
tabilized everywhere unless the gas cools t o low er t emperatures
nd is ther efor e pushed to higher densities – an expectation we
onfirm later. In higher-mass discs, resolution determines which 

 egions ar e stabilized, but in all cases some unstable r egions ar e
esolved. 

Finally, w e not e that incr easing the r esolution by fact ors of t en
educes the median SPH smoothing length by a factor of ≈ 3 .
his indicates that the disc’s volume density structure does not 
onverge with resolution. If density were converged, increasing 
he mass resolution by a fact or of t en w ould reduce the smoothing
ength by 10 1 / 3 ≈ 2 . 15 , smaller than what w e observ e. We trace
his behaviour to the e xtr emely thin vertical structure of these
old discs, which remains unresolved in our simulations. Follow- 
ng A. Benítez-Llambay et al. ( 2018 ), we estimate the physical
cale height of our discs to be well below a parsec – far smaller
han the adopted gravitational softening – so the mid-plane den- 
ity, ρ ∼ 
/H, cannot be expected to converge. 

This underscores that resolving the vertical structure of cold 

iscs with colibre r equir es e xtr emely high r esolution, beyond
he scope of the present simulations. In simulations including 
eedback processes, the increased thermal and turbulent pres- 
ur e is e xpect ed t o mak e the con vergence of the vertical scale-
eight less stringent with numerical resolution. Despite these 

imitations, we consider this suite suitable for testing the colibre
EPS module. 

 R E S U LT S  

tarting from the initial conditions described in Section 4.1 , we
v olv e a simplified version of the colibre model to e xplor e the
mpact of the NEPS feedback module. We begin by presenting 
MNRAS 546, 1–27 (2026) 
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Figure 6. Stability analysis of the gaseous discs considered for our numerical e xperiments. Fr om left to right, each column varies the initial mass of 
the exponential gas disc by factors of 2, from 5 × 10 9 M � to 2 × 10 10 M �. The r ows show, fr om t op t o bott om, respectiv ely, and as a function of radius: 
the gaseous disc surface density, its Toomre parameter Q , the most unstable wavelength, and the disc median SPH smoothing length. The dashed lines 
indicate the values used to initialize the disc numerically, whereas the coloured lines (dots) indicate the values measured in the simulation after evolving 
the disc for 100 Myr , including star formation but without feedback processes, varying the numerical resolution, with the blue line indicating a gas particle 
mass of 10 6 M �, the orange line corresponding to 10 5 M �, and the green line to 10 4 M �. The horizontal dotted line in the bottom panels indicates the 
gravitational softening length. For comparison, the dashed black lines in the bottom row indicate λcrit / 2 . 
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 r efer ence simulation that includes only gas cooling, heating
rom the UVB and the diffuse int erst ellar radiation field, and
tar formation, without any form of feedback. This provides a
aseline against which we can assess the effects of early feed-
ack on the evolution and properties of the idealized discs. Later,
nd t o isolat e the impact of the NEPS feedback channel, w e will
onsider simulations with NEPS feedback active while neglecting
N feedback altogether. This helps prevent strong outflows that
ould otherwise mask the influence of the less energetic early
eedback processes. We study the interplay between the colibre
N feedback module and our NEPS channel in Section 5.3 . All
imulations share the same initial conditions. 

.1 Simulations with gas cooling, heating, and star 
ormation 

e begin by examining simulations that include only gas cooling,
eating from the UVB and the diffuse int erst ellar radiation field,
NRAS 546, 1–27 (2026) 
nd star formation, while ignoring any form of stellar feedback.
hese runs allow us to visualize the radial instabilities discussed

n Section 4.2 . Importantly, they also serve as a r efer ence for
auging the impact of the NEPS feedback channels implemented
n colibre. 

As expected, these feedback-free simulations show that the
onsider ed g aseous discs ar e pr one to fragmentation, as illus-
rated in Fig. 7 (a). This figure presents face-on surface density

aps of the gaseous discs at t = 500 Myr . At this time, the discs
av e ev olv ed for sev eral orbital periods, allowing the expected

nstabilities t o dev elop and form self-bound structures which, in
ome cases, merge into larger clumps. In the figure, each column
hows a different disc mass ( M d ), while panels within a given
olumn show different numerical resolutions, as indicated. The
xtent of each panel is 20 kpc across. 

The gas discs clearly exhibit a mix of Toomre-unstable and
rtificially stabilized regions, consistent with the expectations
iscussed in Section 4.2 . Moreover, the ability to capture these in-



Non-explosive pre-supernova feedback 13 

Figure 7. Face-on surface density maps of the gas (left) and stars (right) at t = 500 Myr . The simulations vary the initial gaseous disc mass, M d (columns), 
and the gas particle mass r esolution (r ows). These runs include only gas cooling and star formation, while stellar feedback is neglected. The colour map 
assigns bluer and redder colours to low- and high-density pixels respectively, and the minimum and maximum surface density values ( 10 4 and 10 8 M �
kpc −2 , respectively) are identical across the panels. The extent of the square boxes is 20 kpc . 
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tabilities depends strongly on resolution. At low resolution, the 
PH smoothing kernel artificially smooths density fluctuations, 
roviding a ‘numerical’ pressure that suppresses the collapse of 
tructures that would otherwise be physically unstable. This in- 
icates that the disc’s stability in these runs is larg ely g overned by
umerical, rather than physical, effects. 
For the least massive gas disc (leftmost column), the impact 

f numerical resolution is dr amatic. A t the coarsest m6 reso-
ution, the disc appears globally stable, dotted with only a few 

mall clumps. Increasing the resolution to m5 is sufficient to re-
olve coherent spiral instabilities, which fragment into the dense 
lumps that become even mor e pr onounced at the highest m4
esolution. This demonstrates that while the gas inevitably col- 
apses into dense fragments, the large-scale morphology of the 
isc is entirely dependent on resolving the underlying physical 

nstabilities. 
The int ermediat e-mass gas disc (middle column) shows a sim-

lar trend. At m6 resolution, fragmentation is apparent, but the 
arge-scale instabilities driving it are poorly resolved. At m5 , spiral
rms broken into dense clumps are clearly visible. How ev er, the
nner disc remains artificially stabilized by numerical pr essur e, 
n artefact of the finite resolution. This is confirmed in the m4
imulation, where the instabilities are better resolved, and this 
rtificially stable region shrinks significantly. 

In contrast, the most massive disc (rightmost column) is so 
ravitationally unstable that even the low-resolution m6 simu- 
ation captures its fragmented, clumpy morphology. Here, in- 
reasing the resolution to m5 primarily sharpens the details of 
laments and clumps rather than changing the overall structure. 
ince the disc morphology appears conv erged, w e did not run this
ase at the numerically expensive m4 resolution. 
Turning to the stellar component, a direct comparison between 

uns is complicated by the poor numerical convergence of the gas
ensity discussed above. At a fixed disc mass, higher resolution 

eads to denser gas structures. Since the local star formation rate
n colibre is linked to the gas free-fall time, these denser discs
aturally convert more gas into stars in the absence of feedback

rom star formation. 
Despite these differences in total stellar mass, the morphology 

f the y oung st ellar disc mirr ors that of the g as. This is shown in
ig. 7 (b), which displays stellar surface density maps in the same
rrangement as Fig. 7 (a). A comparison reveals that stars trace the
aseous filaments and clumps from which they form. How ev er,
he stellar clumps appear systematically larger and more massive 
han their gaseous counterparts. This is because gaseous clumps 
re continually formed and depleted by star formation, while 
tellar clumps persist and grow dynamically through mergers. 

e have verified that newly formed stars initially trace the gas
orphology precisely, but over time, they coalesce into the larger 

tructures seen in Fig. 7 (b), which are distinct from the smaller
aseous clumps still present in the disc. 

The star formation histories (SFHs) of these simulations, 
hown in Fig. 8 , confirm that star formation becomes highly
ensitiv e t o numerical resolution for discs artifically stabilized. 
n the absence of feedback, resolved instabilities lead to runaway 
as collapse and an unregulated burst of star formation. 

This is particularly evident in the least-massive disc (top panel).
t m6 and m5 r esolutions, wher e the disc is artificially stabilized,

he star formation rate (SFR) is low and steady, below 1 M � yr −1 .
t m4 resolution, how ev er, the simulation resolv es the unstable
odes, causing the SFR to triple as gas is channelled into dense,

apidly star-forming clumps. 
MNRAS 546, 1–27 (2026) 
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Figure 8. Star formation rate as a function of time, measured in bins 
equally spaced every 10 Myr . From top to bottom, the panels display the 
results for discs of different gas mass (as indicated), while the different 
coloured lines show results for varying resolutions (as indicated by the 
legend in the middle panel). These simulations include gas cooling and 
star formation only, ignoring any source of stellar feedback. 
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The int ermediat e-mass disc (middle panel) shows a similar
rend. The SFR is modest and nearly resolution-independent at
5 and m6 . Once the instabilities ar e pr operly r esolved at m4 , the
FR again jumps by more than a factor of three. 

In contrast, the most massive disc (bottom panel) is so violently
nstable that its SFH converges well across the two e xplor ed r eso-

utions. Here, the critical unstable wavelengths are large enough
 o be resolv ed ev en by our coarsest simulations [see equation ( 22 )
nd Fig. 6 ]. As a result, the SFR is consistently high, peaking at

30 M � yr −1 , reflecting the rapid and efficient conversion of gas
nto stars in a massive unstable system. 

The convergence of the SFH in this feedback-fr ee r egime may
e due to two physical mechanisms. One possibility is that gravi-
NRAS 546, 1–27 (2026) 
ationally induced turbulence becomes the primary regulator; as
he gas disc violently fragments, the strong gravitational inter-
ctions betw een massiv e clumps stir the g as, cr eating turbulent
otions that act as an effective pr essur e support against further

ollapse. Alt ernativ ely, the conv ergence may be a consequence
f rapid gas consumption. In this scenario, star formation is so
fficient that it is limited by the global availability of fuel, not the
esolution of small-scale structures. The disc converts its gas into
tars at a maximum rat e limit ed by the identical gas supply in
oth simulations, naturally leading t o a conv erged SFH. The fact
hat the SFR peaks early ( ≈ 250 Myr) and then steadily declines
upports this gas consumption scenario, though a combination of 
oth mechanisms is plausible. 

To better understand the physical state of the gas driving these
ivergent star formation histories, we conclude our analysis of 
he baseline simulations by examining the gas density and tem-
erature distributions at t = 500 Myr. These are shown in the
robability distribution functions (PDFs) of Figs 9 (a) (density)
nd 9 (b) (temperature). In both figures, the top, middle, and bot-
om panels correspond to the low-, intermediate-, and high-mass
 as discs, r espectively, while colour ed lines indicate the differ ent
imulation resolutions. 

Fig. 9 (a) illustrates how resolving gravitational instabilities al-
ows gas to collapse to higher densities. For all disc masses, there
s a clear trend with resolution: the high-density tail of the PDF
xtends further as the resolution increases from m6 to m4 . This
emonstrates that without feedback, higher resolution simula-
ions resolve the collapse of gas into smaller, denser structures.
his effect is coupled to the runaway star formation that ac-
ompanies it; the rapid consumption of the densest gas in the
igher-r esolution runs pr ev ents an ev en larger pile-up of mat e-
ial at the highest densities, but the trend of denser gas being
esolved at higher resolution remains robust. This is consistent
ith the increasingly fragmented and clumpy morphologies seen

n Fig. 7 (a). 
The temperature PDFs in Fig. 9 (b) show the gas separating

nt o a tw o-phase ISM, with a broad peak at w arm temper atures
 ∼ 3000 K) r epr esenting diffuse g as and a sharp peak at very
ow temperatures ( � 100 K) for the cold, dense component. For
he least massive gas disc, the formation of this cold phase is
ontingent on resolving the gravitational instabilities that drive
as to high densities. While the amount of cold gas is resolution-
ependent, the overall temperatur e structur e is better converged
han the density structur e. This appar ent conv ergence, how ev er,

ust be int erpret ed with caution. The disc’s stability and its spec-
rum of instabilities at this snapshot depend on the total mass
f g as r emaining, which is in turn sensitiv e t o the disc’s prior,
esolution-dependent star formation history. 

Together, these distributions clarify the outcome of the
eedback-fr ee runs: g as att empts t o pile up at high densities and
ow temperatures, but this process is complicated by rapid gas
onsumption and gravitationally induced turbulence in a manner
hat is fundamentally dependent on the simulation’s resolution
nd the disc’s stability. This runaway behaviour r einfor ces the
ecessity of physical feedback mechanisms to properly regulate

he early stages of star formation in cold galaxy gaseous discs. 

.2 Gas cooling and heating, star formation, and early 

eedback 

o isolate the impact of our NEPS feedback module, we now
nalyse a second suite of simulations. These are identical to the
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Figur e 9. Pr obability distribution functions of the g as density (left) and temperatur e (right) for the feedback-fr ee simulations at time t = 500 Myr. 
These distributions summarize the thermodynamic state of the gas in the absence of stellar feedback and highlight the profound impact of numerical 
resolution. 

b
S
t  

v  

 

t
p
r
p
i

 

i  

f  

w
T
e
i
T
t  

l
i
b

s  

m

c
T  

s
b  

n  

l
s
a

F  

t
f
e  

c  

T
a  

f
a  

g  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/4/stag268/8472647 by U
niversita di M

ilano Bicocca user on 14 April 2026
aseline runs but now with our early feedback module enabled. 
N feedback remains turned off. For these simulations, we set 
he kick velocity parameter, 
v 0 = 50 km s −1 , which matches the
alue adopted for the fiducial colibre suite (J. Schaye et al. 2025 ).

The outcome of these experiments is shown in Fig. 10 . In par-
icular, Fig. 10 (a) displays gas surface density maps directly com- 
arable to those in Fig. 7 (a). A visual comparison immediately 
eveals that early feedback dramatically alters the disc structure, 
articularly in simulations that resolve large-scale gravitational 

nstabilities. 
The effect is best illustrated by the high-resolution ( m4 )

nt ermediat e-mass gas disc (middle column). While the feedback-
ree run shatters into a myriad of small, dense clumps, the run
ith early feedback sustains large, coherent spiral instabilities. 
his structural difference stems from two primary self-regulating 
ffects. First, NEPS feedback suppresses star formation, prevent- 
ng the rapid gas consumption observed in the baseline runs. 
his preserves a higher overall gas surface density – evident from 

he redder colours compared to Fig. 7 (a) – which helps sustain
arge-scale instabilities. Secondly, photoheating from H ii regions 
ncreases the pressure of star-forming regions, stabilizing insta- 
ilities ag ainst catastr ophic collapse into smaller fragments. A 
imilar outcome is observed for the most massive gas disc (right-
ost column). 
In contrast, where simulations lack the resolution to capture 

oherent instabilities, the impact of early feedback is minimal. 
he low -resolution, low -mass gas disc (top-left panel), for in-
tance, appears qualitatively similar with or without NEPS feed- 
ack. This is because the disc is already artificially stabilized by
umerical pr essur e, as established in the pr evious section. With

ittle gas collapsing into dense clumps, star formation is already 
uppressed numerically, and the physical NEPS feedback mech- 
nisms have little effect on the disc’s evolution. 

The stellar discs formed in these simulations are shown in 

ig . 10 (b). A dir ect comparison to the feedback-free runs reveals
hat the stellar distributions are significantly smoother and less 
ragmented when early feedback is included, although the differ- 
nces are less dramatic than for the gas discs. The stars also more
losely trace the morphology of the gas from which they form.
his is because NEPS feedback prevents the runaway collapse 
nd rapid gas consumption seen pr eviously. B y r egulating star
ormation, NEPS feedback ensures that the stellar populations 
re, on av erage, y ounger and more closely coupled to the transient
 aseous structur es, pr eventing them fr om merging into the mas-
MNRAS 546, 1–27 (2026) 
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Figure 10. Face-on surface density maps of the gas (left) and stellar (right) distribution at t = 500 Myr . The simulations vary the gaseous disc mass, 
M d (columns), and the gas particle mass resolution (rows). These runs include gas cooling and heating, star formation, and our NEPS feedback 
implementation. In all cases, supernova feedback is neglected. As in Fig. 7 , the colour map is idential to that of Fig. 7 . 
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iv e, dynamically ev olv ed clumps that dominat ed the baseline
imulations. 

To quantify this, we examine the SFHs of these simulations in
ig . 11 . This figur e confirms that early feedback successfully sup-
resses runaway star formation in gravitationally unstable discs.
or the high-resolution ( m4 ) least-massive gas disc (blue line in
he top panel), the e x cessive star formation seen in the baseline
un is significantly reduced. The new simulation now exhibits a
t eady, low SFR that conv erges bett er with its lower-resolution
ount erpart. This demonstrat es that the NEPS feedback module
an regulate star formation within the dense, unstable clumps
hat ar e r esolved at high r esolution, even when supernova feed-
ack is disabled. 

A similar tr end of impr ov ed conv ergence is seen for the
nt ermediat e-mass disc (middle panel). How ev er, at the highest
esolution, the SFR still steadily increases, indicating that NEPS
eedback is not energetic enough t o regulat e star formation in
ighly unstable discs. This highlights a key physical limitation of 
EPS feedback: while it can effectively suppress star formation
ithin self-gravitating clouds, it lacks the energy to completely
isperse larger-scale instabilities. This inability to fully disrupt
ense star-forming regions underscores the need for the subse-
uent, more energetic feedback from core-collapse SNe. 

The interpretation of these results, particularly regarding nu-
erical convergence, must be made with caution due to the un-

esolv ed v ertical structure of the simulated discs in the absence
f efficient feedback. As discussed in Section 4.2 , the mid-plane
olume density, a key input for the colibre star formation crite-
ion, is not expect ed t o conv erge with resolution in our setup, at
east when ignoring feedback. Ther efor e, while the inclusion of 
EPS feedback leads to a clear improvement in the convergence
f the global star formation rate, this should be understood as the
onvergence of the full numerical scheme rather than a defini-
NRAS 546, 1–27 (2026) 
ive demonstration of convergence to the true physical solution.
ow ev er, w e not e that the additional pr essur e pr ovided by our
EPS module will likely make the convergence r equir ements less

tringent. A systematic study of these issues is deferred to future
ork. 
Finally, we examine the density and temperature PDFs for the

imulations including NEPS feedback (Figs 12 a and b), which
re the analogues of those shown for the feedback-free runs in
ig. 9 . These figures demonstrate that by successfully regulating
tar formation, our early feedback module leads to a dramatic
mprovement in the numerical convergence of the gas thermo-
ynamic state. Because gravitational instabilities can be halted
y early feedback, the instantaneous density and temperature
tructure of the discs is much less sensitive to resolution than in
he feedback-free simulations. 

How ev er, the limits of this r egulation ar e visible in the
nt ermediat e-mass g as disc, wher e the highest-r esolution sim-
lation displays a tail of denser gas not present in the lower-
esolution runs. This is a manifestation of the inability of NEPS
eedback to fully suppress the onset of gravitational collapse in
he densest clumps, signalling the development of large insta-
ilities that our feedback cannot fully pr event. Ther efor e, the
 x cellent convergence observed for the most massive gas disc is
nly apparent; it largely stems from the disc’s initially violent
nstability, which makes its structure insensitive to resolution, as
s the case for the feedback-free simulations. The fact that star
ormation is not truly regulated in this case is confirmed by the
teadily increasing star formation rate previously observed for
his particular example. How ev er, w e stress that although star
ormation is not fully r egulated, NEPS feedback r educes the rate
t which stars form by more than a factor of thr ee compar ed to
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Figure 11. Star formation rate as a function of time, measured in bins 
equally spaced every 10 Myr . From top to bottom, the panels display the 
results for discs of different gas mass (as indicated), while the different 
coloured lines show results for varying resolutions (as indicated by the 
legend in the middle panel). These simulations include gas cooling, star 
formation, and early feedback. For comparison, the dashed lines in each 
panel show the feedback-free baseline at the highest resolution for each 
disc, corresponding to the results in Fig. 8 . 

i
s  

e  

s
t  

d  

(  

a  

g  

r  

fi  

t  

c  

n
o  

w  

i
 

r  

b
(  

r  

s
t  

p
s

i  

p  

s
m
o  

r  

p  

i  

T  

a
y  

r
m  

s
f
t  

i  

H

l  

a
 

s  

fi  

fi
s
t  

f

n  

S  

i  

s  

g

5 These fractions ar e e xpect ed t o decrease ev en further if the star forma- 
tion rate decreases, which we expect to be the case if SN feedback is 
included. While the precise mass fraction in H ii regions is influenced 
by our choice of 
t H ii , the qualitative result – that star formation is 
regulated by a phase that occupies a small fraction of the total gas mass – is 
physically consistent with the small filling factor of compact H ii regions 
in dense molecular clouds (e.g. R. C. Kennicutt 1984 ). 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/4/stag268/8472647 by U
niversita di M

ilano Bicocca user on 14 April 2026
The g as temperatur e distribution in the simulations includ- 
ng NEPS feedback converges e xtr emely well with resolution, 
howing an even more robust result now that early feedback is
nabled. Inspection of Fig. 12 (b) reveals that the ISM in these
imulations has developed a more complex, three-phase structure 
han was seen in the baseline runs. The gas now populates three
istinct thermal phases: a cold phase ( T < 100 K), a warm phase
 T ≈ 3 × 10 3 K), and a photoionized phase characterized by gas
t T = 10 4 K. This latter temperature is set ‘by-hand’ in our sub-
rid prescription that mimics H ii regions (see Section 2.3.2 ). In
 eality, the equilibrium temperatur e of photoionized g as is not
xed but depends on a balance of heating and cooling processes

hat are sensitive to the local gas density , metallicity , and dust
ontent. Our choice of a single temperature is a simplification for
umerical efficiency. While this effectively models the injection 

f thermal pr essur e, a mor e physically r ealistic implementation
 ould calculat e the t emperature self-consist ently, likely resulting

n a broader distribution of temperatures for the ionized phase. 
To bet ter illustr ate the impact of these H ii r egions, Fig . 13 di-

 ectly compar es the density-temperatur e r elation of the g as in the
aseline simulation (top) with the run including NEPS feedback 

bottom). We specifically show the result for the int ermediat e-
esolution ( m5 ) version of the least-massive disc, a case that
hows good convergence in both setups. This choice ensures that 
he differ ences ar e a dir ect consequence of the early feedback
hysics, not a result of different instabilities developing across the 
imulations. 

The most striking change, readily visible in the comparison, 
s the emergence of an ionized gas phase at T = 10 4 K, a tem-
er ature deliber at ely set by our model t o r epr esent g as within
ubgrid H ii regions. This feedback-driven heating creates a clear 
ultiphase structure at densities where star formation occurs. In 

ur model, gas particles are stochastically heated to 10 4 K, rep-
esenting their inclusion in a subgrid H ii region. Because these
articles are subject to physical cooling 2 Myr after they are put

n an H ii region, those in dense environments will cool rapidly.
he population of gas particles seen at 10 4 K therefore represents
 dynamic equilibrium, where the rate of stochastic heating from 

oung stars every 2 Myr is balanced by the physical cooling and
ecombination rate of the gas. This continuous injection of ther- 

al energy provides a sustained pr essur e support that r egulates
tar formation and prevents the runaway collapse seen in the 
eedback-free simulations. The ‘plume’ of particles seen between 

he ionized phase and the equilibrium track r epr esents g as that
s in the process of cooling back to equilibrium after leaving their
 ii regions. 
Interestingly, although these H ii regions are crucial for regu- 

ation, they constitute a small fraction of the total gas mass, as
lready demonstrated by Fig. 12 (b). 

To quantify the mass contribution of the ionized phase, Fig. 14
hows the instantaneous mass fraction of gas in H ii regions, de-
ned as particles with a temperature T > 10 3 . 9 K. This figure con-
rms that although H ii r egions ar e crucial for the regulation of 
tar formation, they are not mass-dominant. They contribute less 
han 5 − 10 % of the gas mass at any given density, and their
ractional importance decreases at higher densities. 5 

This decline is a direct consequence of the higher recombi- 
ation rates in denser gas, which is not balanced by the higher
FR leading to a higher rate of H ii regions creation. As shown
n equation ( 18 ), the total mass of the H ii region that can be
ustained by a given ionizing flux is inversely proportional to the
as density. Our stochastic implementation captures this physical 
MNRAS 546, 1–27 (2026) 
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Figur e 12. As Fig . 9 but for simulations that include NEPS feedback (solid lines). These distributions summarize the thermodynamic state of the gas 
in the absence of SN feedback but including our NEPS feedback. This figures highlights how NEPS feedback dramatically improves the convergence of 
the simulations. For comparison, the dashed lines show the results for the feedback-free simulations. 
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caling, leading to a lower probability of gas particles being in
he ionized phase at high densities. Consequently, while our early
eedback model is critical for regulating star formation, it affects
nly to a small fraction of the mass. 

To dissect the relative importance of the individual physical
rocesses included in our NEPS feedback model, we run a series
f simulations where each component is enabled in isolation. The
 esults ar e pr esented in the Fig . 15 , which shows the star forma-
ion rate as a function of time for simulations with varying disc
 as masses (differ ent columns) and numerical resolutions (dif-
er ent r ows). Each panel compar es the feedback-fr ee case (r ed)
gainst runs including only stellar winds (orange), only radia-
ion pr essur e (gr een), only H ii r egions (magenta), and the full,
ombined NEPS model (blue). The primary result is immediately
lear: in gravitationally unstable discs, the full NEPS model is
ighly effective at suppressing the runaway star formation that
haracterizes the feedback-free runs, consistently producing the
owest SFR. 

The figure reveals a distinct and consistent hierarchy in the
fficacy of the individual feedback channels. The most striking
esult is the powerful regulatory effect of the H ii region compo-
ent. In every unstable disc, the simulation with only H ii regions
ctive (magenta line) shows a reduction in the SFR compared to
NRAS 546, 1–27 (2026) 
he feedback-free case. This highlights the critical role of injecting
hermal pr essur e into star-forming gas, which directly increases
he local Jeans mass and provides support against catastrophic
ravitational collapse. As discussed in Section 2.3.2 , our imple-
entation achieves this via a delayed cooling scheme, which

nsures that the thermal energy translates into sustained pr essur e
ver a 2 Myr time-scale. The dominance of this channel in our
odel ther efor e underscor es the general importance of sustained

r essur e support as a primary mechanism for regulating star for-
ation in dense unstable regions. 
The kinetic feedback components are considerably less effec-

ive on their own. Stellar winds (orange line) provide a moderate
evel of regulation, while radiation pressure (green line) has the

ost modest impact, only slightly reducing the SFR. This latter
esult is consistent with its inefficient coupling with the medium
t moderate densities. 

The results demonstrate a powerful synergy between the dif-
erent feedback mechanisms. The full NEPS model (blue line)
onsist ently achiev es a great er lev el of star formation suppression
han even the dominant H ii region component acting alone. This
ndicates that the combination of thermal pr essur e support from
hotoionization and kinetic momentum injection from winds
nd radiation provides a more robust and complete form of reg-
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Figure 13. The density-temperature diagram of the gas in the least- 
massive gas disc at int ermediat e ( m5 ) resolution at time t = 500 Myr . The 
top panel shows the feedback-free baseline simulation, while the bottom 

panel incorporates the effects of NEPS feedback (supernova feedback is 
ignored in both). The primary impact of the early feedback module is the 
introduction of a warmer, ionized phase to the ISM, characterized by gas 
at a temperature of T = 10 4 K set by the subgrid implementation of H ii 
regions. The faded dot-dashed line depicts the equilibrium curve for solar 
metallicity gas. Colours encode the number of gas particles within each 
he xbin, incr easing fr om blue to r ed. 
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Figure 14. Mass fraction of gas in H ii regions as a function of gas den- 
sity, shown for different gas disc masses (different panels) and resolutions 
(differ ent colour ed lines). The fraction of g as in H ii r egions decr eases 
with increasing gas density. This trend is a direct consequence of the 
higher recombination rates in denser gas. 
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lation. This synergy is particularly important for the sustained 

egulation of star formation at later times, where the full model 
revents the gradual rise in the SFR seen in some of the indi-
idual feedback runs. The physical origin of this synergy likely 
tems from the way the kinetic and thermal components interact: 
omentum injection from stellar winds and radiation pressure 

rives turbulence in the ISM, preventing g as fr om collapsing to
he highest densities. This shifts star formation to a lower-density 
nvir onment wher e, in turn, thermal feedback from H ii regions
ecomes more effective, as the ionized r egions ar e physically 

arger and the gas cooling times are longer. In turn, photoheating
rom H ii regions reduces the gas density, increasing the momen-
um coupling efficiency from stellar winds. 

The importance of this regulation also depends on the phys- 
cal state of the disc. In the low -mass, low -resolution case (top-
eft panel), where the disc is artificially stabilized, all feed- 
ack models have a negligible effect. However, as the disc mass
nd numerical resolution increase, the simulations better re- 
olve the underlying gravitational instabilities, and the regulatory 
ower of the NEPS model becomes essential for preventing a 
tarburst. 
We end by noting that while thermal feedback from H ii re-
ions is the single most dominant mechanism t o prev ent ini-
ial runaway collapse of the disc, its efficacy can diminish at
ater times ( t > 300 Myr) in high-resolution simulations (e.g. the
4 run of the 10 10 M � disc). In these cases, without momen-

um feedback, the gas can eventually settle into high-density 
onfigurations where recombination rates are high, reducing 
he duty cycle of thermal pressurization. However, the hierar- 
hy between processes remains clear. Simulations lacking ther- 
al feedback consistently undergo catastrophic fragmentation 
MNRAS 546, 1–27 (2026) 
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Figure 15. Star formation rate as a function of time, dissecting the impact of the individual components of the NEPS feedback model. The layout is 
identical to previous figures: columns show simulations with increasing initial gaseous disc mass, M d , and rows show increasing numerical resolution 
from top to bottom. Each panel compares five NEPS configurations: a baseline run with only cooling and star formation (without early feedback; red); 
runs with only stellar winds (orange), only radiation pr essur e (gr een), or only H ii r egions (magenta); and a run with the full, combined model (with 
early feedback; blue). 
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nd starbursts, whereas those lacking momentum feedback re-
ain largely regulated, albeit with higher variations in their

tar formation hist ories. Thus, w e identify the thermal chan-
el as the primary regulator that enables the system to reach
 stable state, while the momentum channels help regulate
hat state and prevent the gas secular drift towards higher
NRAS 546, 1–27 (2026) 

ensities. s  
.3 The inclusion of supernova feedback 

e end our exploration by turning to the interplay between the
elatively gentle early feedback from young stars and the violent,
elayed feedback from SNe. To isolate the effects, we contrast two
ets of simulations: one employing only supernova (SN) feedback
nd another that includes both our NEPS module and the sub-
equent SN events. Fig. 16 , which mirrors the layout of previous
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Figure 16. Face-on surface density maps of the gas distribution at t = 500 Myr . The simulations vary the gaseous disc mass, M d (columns), and the gas 
particle mass resolution (rows). The left panels (a) show simulations that include cooling, star formation, and supernova feedback. The right panels (b) 
show simulations that include cooling, star formation, our NEPS feedback module, and supernova feedback. A comparison reveals that NEPS feedback 
moderates the impact of SNe, leading to a more homogeneous ISM, particularly in high-resolution simulations. The colour map is identical to that of 
Fig. 7 . 
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gur es, pr esents the g as disc morphology at t = 500 Myr for these
wo scenarios, revealing differences in how the discs evolve. 

In simulations lacking NEPS feedback, the disc is character- 
zed by large, low-density cavities, seen mostly in blue colours. 
hese structures are the result of highly clustered, energetic SN 

vents occurring in the dense gas near the disc mid-plane. For
nstance, the high-resolution int ermediat e-mass gas disc shows 
everal prominent ‘bubbles’ that disrupt the outer disc. In con- 
rast, when the NEPS module is active, the disc is visibly more
omogeneous. SN-driven bubbles are systematically smaller and 

ess numerous, indicating that the morphological disruption by 
N feedback has been mitigat ed. How ev er, the global regulation
f star formation is enhanced, as shown by the lower SFR in
ig. 19 . 
This qualitative assessment is quantified in Fig. 17 , which 

hows the PDF of the gas surface density, measured directly from
he images. For the low-mass gas discs at m6 and m5 resolution,
he PDFs are nearly identical, confirming that NEPS feedback has 
ittle impact on these numerically stabilized systems under the 
nclusion of SN feedback. 

How ev er, a clear difference emerges at m4 r esolution, wher e
he simulation without NEPS feedback (dashed line) exhibits a 

or e pr ominent tail towar d low surface densities. This indicates
hat the violent, clustered supernova events in that run are more
ffective at evacuating gas and creating low-density regions. A 

imilar, mor e pr onounced tr end is visible for the int ermediat e-
nd high-mass discs, confirming that NEPS feedback creates a 
ore homogeneous ISM by moderating the impact of SNe. 
The differences across simulations with and without early feed- 

ack are a direct consequence of the regulatory effect of NEPS
eedback on star formation. By increasing the pressure support 
e
ithin star-forming clouds, early feedback prevents the forma- 
ion of overly dense stellar clusters where star formation would 

therwise proceed with high efficiency. This leads to a less clus-
er ed, mor e spatially, and temporally distributed population of 
oung stars. As a result, subsequent supernova explosions are less 
orr elated, pr eventing the highly concentrated energy injection 

 equir ed to create large-scale bubbles and stir the disc. 6 
Fig . 18 pr ovides quantitativ e support for this int erpretation

y showing the ratio of the 90-th percentile of the stellar birth
ensity distribution between simulations with and without NEPS 
eedback. Reg ar dless of disc gas mass (symbols) or resolution (x-
xis), the ratio is consistently less than one. This demonstrates 
hat NEPS feedback effectively lowers the maximum densities 
t which stars form, confirming its r egulatory r ole in preventing
unaway collapse within star-forming clouds. Among the reasons 
esponsible for this regulation, it is possible that the NEPS feed-
ack suppresses star formation as it increases the turbulence in 

tar-forming regions. This enhanced turbulent pr essur e would 

aturally suppress star formation within the colibre criterion 

or star formation (see Section 3 ). 
This picture is further supported by the SFHs presented in 

ig . 19 , which compar es simulations with only supernova feed-
ack (dashed lines) to those including both NEPS and SN feed-
ack (solid lines). The figure reveals two key results. First, the

nclusion of SN feedback, r eg ar dless of whether early feedback
s active, significantly suppresses the overall SFR, particularly in 
MNRAS 546, 1–27 (2026) 

vents or young stars. 



22 A. Benítez-Llambay et al. 

M

Figur e 17. Pr obability distribution function of the g as surface density, 
comparing simulations with only supernova feedback (dashed lines) to 
those that also include NEPS feedback (solid lines) at time t = 500 Myr . 
Different panels show different gas disc masses, while the colours indicate 
the numerical resolution. The more prominent low-density tail in the 
SN-only runs, especially at high resolution, shows that NEPS feedback 
moderates the impact of SNe, leading to a more homogeneous ISM. 
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Figure 18. Ratio of the 90-th percentile of the stellar birth density dis- 
tribution of simulations with NEPS feedback to those without, where 
both types of simulations include SN feedback. The horizontal axis shows 
the numerical resolution, while different symbols correspond to the disc 
mass, as indicated by the legend. The ratio is consistently below unity, 
quantitatively demonstrating that early feedback suppresses the forma- 
tion of stars in e xtr emely dense envir onments and/or early feedback su- 
presses the formation of very dense gas clouds. 
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assive, unstable discs, compar ed to feedback-fr ee simulations
compar e with Fig . 8 ), and also compar ed with simulations that
nclude only NEPS feedback (compar e with Fig . 11 ). Secondly,
dding NEPS feedback on top of supernova feedback provides
urther regulation. 

This interplay is most evident in the high-resolution (m4) sim-
lations of the low- and int ermediat e-mass gas discs (blue lines,

op and middle panels). Without NEPS feedback, the disc under-
oes an initial runaway collapse, producing a prominent starburst
NRAS 546, 1–27 (2026) 
hat peaks within the first 10 Myr before declining. By contrast,
he simulation that includes early feedback shows only a minor
nitial burst before settling into a steady, well-regulated state that
s converged with the lower-resolution runs. For the most mas-
ive disc, NEPS feedback similarly helps to moderate the initial
tarburst and maintains a low er ov erall SFH, though the effect is
ess pronounced. 

Finally, although not shown here, a qualitative assessment of 
he morphology of the stellar discs reveals that for the most mas-
ive, high-resolution runs, the stellar disc is slightly smoother
hen NEPS feedback is active. This is a direct consequence of the

educed star formation and higher ISM pr essur e in these simula-
ions, which prevents the formation of massive, gravitationally
ominant stellar clumps. 

 DISCUSSION  

s discussed previously, the primary motivation for our NEPS
eedback module is to model early physical processes that begin
 o regulat e star formation before the onset of SN feedback, and
hus improve numerical convergence of simulations of galaxy
ormation, particularly at high resolution (see Table 1 for a sum-

ary of convergence for various physical quantities across the
imulated models). As demonstrated in our feedback-free exper-
ments (Figs 7 –9 ), simulations that resolve the cold, dense phase
f the ISM ar e pr one to runaway gravitational fragmentation and
esolution-dependent star formation histories. Our results show
hat the implementation of a physically motivated non-explosive
re-supernova feedback module in the COLIBRE model provides
n effective solution to this problem, enabling more robust and
elf-r egulated g alaxy gr owth over time. 

Our analysis of the individual components of the NEPS model
eveals a clear hierarchy of effectiveness. Thermal feedback from
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Figure 19. Star formation rate as a function of time. From t op t o bott om, 
the panels display results for discs of different gas mass, while different 
coloured lines show results for varying resolutions. Dashed lines corre- 
spond to simulations with only supernova feedback. Solid lines corre- 
spond to simulations that include both NEPS and supernova feedback. 
The inclusion of NEPS feedback helps to moderate the initial starburst 
seen in high-resolution simulations and provides additional regulation 
on top of supernova feedback. 
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 ii regions is unambiguously the dominant regulatory mecha- 
ism, being responsible for the bulk of the star formation sup-
r ession (Fig . 15 ). B y heating a small faction of the g as to 10 4 K,
his pr ocess pr ovides the pr essur e support needed to counteract
ravitational collapse in the dense clumps where stars form. Ki- 
etic feedback from stellar winds and radiation pr essur e plays a
ore modest role. While stellar winds provide a secondary level 

f regulation, the impact of radiation pressure is modest in our
odel. This latter result must be interpreted in the context of 

ur model’s single-scattering appr o ximation, which pr ovides a 
onservativ e low er limit on the momentum budget. In the dense,
ptically thick environments where star formation is most vig- 
rous, the contribution from multiple-scattered infrared photons 
ould boost the efficacy of radiation pr essur e, a key avenue for
uture model refinement. 

Despite the dominance of H ii regions, our results also high-
ight a powerful synergy when all three feedback channels are 
ombined. The full NEPS model consistently produces lower star 
ormation rates than any single component acting alone. The 
hysical origin of this synergy likely lies in the int erplay betw een
inetic and thermal feedback: momentum injection from winds 
nd radiation drives turbulence, preventing g as fr om collapsing 
o the highest densities. This shifts star formation to a lower-
ensity regime where thermal feedback from H ii regions is more
ffective, as the ionized regions become physically larger and 

ooling times are longer. Conv ersely, phot oheating from H ii re-
ions increases the local pressure, shifting the sites of star forma-
ion toward low-density g as, wher e the momentum injected by
tellar winds is more effective at generating turbulence and op- 
osing gravitational collapse. This cooperative process provides 
 more robust and sustained form of regulation than thermal 
r essur e alone. 
We found that NEPS feedback moderates subsequent, more en- 

rgetic SN events. In simulations with only SN feedback, star for-
ation proceeds in a highly clustered and violent manner, lead- 

ng t o correlat ed SN explosions that carv e out large, low-density
avities and violently disrupt the disc (Fig. 16 ). When NEPS feed-
ack is included, it ‘pr e-pr ocesses’ the ISM by regulating star
ormation within dense clouds. This prevents the formation of 
v erly compact st ellar clust ers and leads t o a more spatially and
 emporally distribut ed patt ern of SN e xplosions. The r esult is
 more homogeneous ISM and a gentler, more continuous star 
ormation, where the destructive power of SNe is reduced. This 
nding reframes the role of early feedback: its primary function 

ay not be t o driv e large-scale galactic outflows on its own, but
ather to create the conditions necessary for SN feedback to op-
rate more realistically, regulating the galaxy as a whole rather 
han simply disrupting it locally. This synergistic relationship is 
undamental to achieving a self-regulated equilibrium in simu- 
ated galaxies, and may contribute to producing thinner gaseous 
iscs compared with simulations that do not include it. 
While our NEPS module r epr esents a significant step forwar d

or the COLIBRE model, it is important to acknowledge its limi-
ations, which also point toward clear directions for future devel- 
pment. 

First, our idealized disc simulations do not resolve the vertical 
cale height of the cold gas. As noted in Section 4.2 , this means
hat the mid-plane volume density – a key input for the star
ormation law – is not numerically converged. Ther efor e, while 
ur model dramatically improves the convergence of the global 
tar formation rate (Fig. 19 ), this should be understood as the
onvergence of the full numerical scheme rather than a defini- 
ive demonstration of convergence to the true physical solution. 
erifying these results in simulations with sufficient resolution to 

esolv e the v ertical g as structur e r emains a critical futur e step. We
ot e, how ev er, that the increased thermal and turbulent pr essur e

n simulations including SN feedback will relax the numerical 
 esolution r equir ements for r esolving the vertical scale height. 

Secondly, our model for H ii regions confines feedback to the
PH kernel of individual star particles. This approach does not 
apture the overlap of multiple H ii regions from clustered star
ormation, which in reality would merge to create a much larger
MNRAS 546, 1–27 (2026) 
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M

Table 1. Summary of convergence for key physical quantities across the simulated models. 

Physical quantity Model configuration Status Physical/numerical explanation 

Mid-plane gas density All models Not converged The vertical scale height of the cold gaseous disc remains 
unresolv ed ev en at our highest resolution ( m4 ). The 
maximum density is driven by numerics rather than 
physics. 

Star formation histories Feedback-free Poor Simulations undergo runaway gravitational collapse. 
Higher resolution resolves smaller, denser clumps, leading 
to notably higher SFRs. 

NEPS (early feedback) Good Thermal pr essur e fr om H ii r egions r egulates the collapse 
of dense gas. The SFR becomes largely independent of 
numerical resolution once regulated. 

Full model (NEPS + SN) Excellent The synergy between early regulation and SN feedback 
prevents both initial starbursts and late-time high SFRs, 
leading to a highly stable, converged SFH. 

Gas temperature structure Feedback-free Poor The mass fraction of cold gas ( < 100 K) depends strongly 
on resolution, driven by resolution-dependent runaway 
collapse. 

NEPS/full model Good The inclusion of photoheating establishes a stable 
three-phase ISM (Cold, Warm, Ionized). The PDF of gas 
temperatures becomes robust to changes in resolution. 

disc morphology Feedback-free Poor Low-resolution runs are artificially stabilized by numerical 
pr essur e, while high-resolution runs fragment into small 
dense clumps. 

Full model (NEPS + SN) Good NEPS feedback prevents the formation of overly dense 
clust ers, leading t o distribut ed SNe that maintain a smooth, 
homogeneous disc structure across resolutions. 
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onized region in high-resolution simulations. Our implementa-
ion should ther efor e be interpr eted as a ‘subgrid pressurization’
cheme rather than a direct simulation of H ii region expansion.
apturing the large-scale effects is a challenge that will be im-
ortant to address in future w ork. Nev ertheless, w e not e that H ii
egions forming in high-resolution simulations are expected to be
maller than a single gas particle. 

Thirdly, our estimate of the optical depth neglects the detailed
ubgrid density structure of the gas. The presence of unresolved
ense clumps can enhance the coupling of radiation pr essur e,
r conv ersely, creat e low-density channels that allow radiation to
eak. How ev er, giv en the pronounced dominance of the thermal
 ii region feedback channel we expect that even a moderate

ncrease in the radiation pressure coupling efficiency due to sub-
rid clumping would not overturn the established hierarchy of 
eedback mechanisms shown in Fig. 15 . 

Finally, this work has focused on idealized disc galaxies to
solate the impact of the NEPS module. The next logical step
s to apply this module within large volume simulations, which
s done for the colibre suite (J. Schaye et al. 2025 ). However,
nderstanding the interplay of the different NEPS ingredients
an be more efficiently e xplor ed using less expensive ‘zoom-in’
imulations. This would allow to study the impact of NEPS on
 wider range of galaxy properties, including the circumgalactic
edium, the formation of galactic outflows, and the evolution of 
 alaxies acr oss differ ent envir onments and cosmic epochs. 

 CONCLUSIONS  

e have presented the implementation and testing of a new mod-
le for non-explosive pre-supernova (NEPS) feedback designed

or the colibre model of galaxy formation (J. Schaye et al. 2025 ).
his work is motivated by observational evidence and by the long-
tanding challenge of numerical convergence in high-resolution
NRAS 546, 1–27 (2026) 
imulations, where the absence of early regulation by stellar feed-
ack allows gas in the cold ISM to undergo runaway gravita-
ional collapse, potentially leading to e x cessive and r esolution-
ependent star formation. Our NEPS module mitigates this by

ncorporating feedback channels from y oung, massiv e stars that
perate before the first core-collapse SNe. The model implements
hree key physical processes: the injection of momentum from
tellar winds, momentum from radiation pressure, and thermal
nergy from photoionization heating in H ii regions. The age-
nd metallicity-dependent energy and momentum budgets are
erived from bpass stellar population synthesis models. Momen-
um is injected via a stochastic kinetic scheme to ensure it couples
ffectiv ely t o the gas, while the impact of H ii regions is modelled
y stochastically heating gas to 10 4 K. 

We t est ed our implementation using a suit e of simulations of 
solated, gravitationally unstable disc galaxies, spanning a range
f masses, and ev olv ed at thr ee differ ent numerical r esolutions.
ur main findings are as follows: 

(i) In the absence of stellar feedback, our simulations show
hat gravitationally unstable discs exhibit runaway fragmenta-
ion. The resulting star formation rates (SFRs) are highly sensitive
o numerical resolution, as higher resolution resolves smaller,
enser, and more rapidly star-forming clumps. This leads to a
trong lack of convergence in both the galaxy morphology and
ts int egrat ed star formation hist ory, r einfor cing the need for a
hysical regulatory mechanism. 
(ii) NEPS feedback alone dramatically improves numerical

onvergence. B y pr oviding sustained pr essur e support in dense,
tar-forming gas, our model successfully regulates runaway col-
apse. This results in smoother gas and stellar discs and global
FRs that are significantly lower and less sensitive to resolu-
ion. This early feedback establishes a dynamic, three-phase ISM,
here a photoionized component ( T = 10 4 K) created by H ii re-
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ions coexists with the warm and cold gas phases. While energet- 
cally crucial for regulation, these H ii r egions ar e sub - dominant
n mass, constituting less than 10 per cent of the gas at any given
ensity. 
(iii) We find clear hierarchy and synergy among the NEPS feed- 

ack mechanisms. Analysis of the individual NEPS components 
eveals that thermal feedback from H ii regions is the single most
ominant regulatory mechanism. Kinetic feedback from stellar 
inds provides a moderat e lev el of suppression of star formation,
hile radiation pr essur e has the most modest impact. Crucially, 

he full NEPS model is more effective than any single compo- 
ent, demonstrating a powerful synergy where kinetic feedback 

rives turbulence, shifting star formation to lower-density envi- 
 onments wher e thermal feedback from H ii regions is, in turn,

ore effective, and vice versa. 
(iv) The limitations of NEPS feedback highlight the need for 

Ne. The physical limits of early feedback become apparent in 

he most massive and gravitationally unstable discs. At high res- 
lution, we find that NEPS feedback alone is insufficient to fully
tabilize the rate of star formation, as it lacks the energy to com-
letely disperse the largest self-gravitating clouds. This results un- 
erscores the necessity of subsequent, more energetic feedback 

r om SN e to r egulate star formation. 
(v) NEPS feedback acts as a crucial moderator for supernova 

eedback. When coupled with the COLIBRE supernova module, 
ur NEPS model ‘pr e-pr ocesses’ the ISM. By regulating star for-
ation within dense clouds, it prevents the formation of overly 

ompact st ellar clust ers. This leads t o a more spatially and tem-
or ally distributed pat tern of subsequent supernova explosions, 
aming their violent impact and preventing the disruption of the 
isc. 

Although our model successfully addresses its primary goals, 
e acknowledge its limitations, which are discussed in detail in 

ection 6 . Key among these are the use of a single-scattering ap-
r o ximation for radiation pr essur e (which makes our estimates of 
adiation pr essur e coupling in r egions with very high dust surface
ensities a lower limit), and the confinement of H ii regions to
he SPH kernel of the young stars. These r epr esent important
venues for future model development. 

In summary, the colibre NEPS module provides a physically 
otivated and numerically robust framework for modelling the 

rst stages of stellar feedback. It successfully mitigates some of 
he resolution-dependent issues that plague feedback-free sim- 
lations by regulating star formation within dense gas clumps. 
rucially, it works in synergy with subsequent SN events, creat- 

ng the conditions for a more continuous and gentle growth of 
alaxies. 
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Figure A1. Star formation rate as a function of time for the int ermediat e- 
mass disc ( M d = 10 10 M �), varying the stellar winds kick velocity pa- 
ramet er, 
v 0 , as indicat ed in the legend. The t otal momentum is kept 
constant in all runs, meaning higher velocities result in fewer particles 
kicked. The dashed grey line indicates the baseline run without stellar 
winds. The top panel shows results for the int ermediat e ( m5 ) resolution, 
for which the SFR is insensitiv e t o the kick velocity because the disc 
structure is numerically stabilized. In the bott om panel, w e show the 
high-r esolution ( m4 ) counterpart. Her e the disc is both physically and 
numerically unstable. The SFR is maximally suppressed for wind speeds 
of ≈ 25 km s −1 . Above and below this threshold, the SFR is less supressed, 
but the differences are small. 
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P P E N D I X  A:  ST E L L A R  WINDS  K I C K  

E LOC I T Y  

s detailed in Section 2 , our stochastic momentum injection
cheme r equir es defining a target kick v elocity, 
v 0 , t o det ermine
he probability of kicking neighbouring particles. While the total

omentum deliv ered t o the ISM is fixed by the bpass model,
he choice of 
v 0 determines how this momentum is sampled.
 higher velocity implies kicking fewer particles (i.e. lower mass

oading) to conserve the total budget. Here, we e xplor e the sensi-
ivity of our results to this parameter. 

Fig. A1 shows the star formation history of the 10 10 M � disc
or 
v 0 ranging from ≈ 3 to 100 km s −1 . The top panel shows
esults at our lower ( m5 ) resolution. In this regime, the disc is
rtificially stabilized as discussed in Section 4.2 . Consequently,
he momentum from stellar winds is expected to have a negligible
mpact, which is indeed what this panel shows; the SFR is only
eakly dependent on the chosen kick velocity. Simulations span-
ing nearly two orders of magnitude in 
v 0 produce comparable
tar formation histories. 

How ev er, a v ery subtle, non-monot onic trend is visible. In-
reasing the kick velocity up to 25 km s −1 slightly decreases the
verage SFR at later times, as expected. Yet, for values e x ceeding
5 km s −1 , the SFR begins to rise again, becoming comparable to
uns without stellar winds (shown by the grey dashed line). This
ccurs because the probability of kicking any given gas particle is
nversely proportional to 
v 0 ; for e xtr emely high kick velocities,
he momentum is impart ed t o so few particles that its overall
egulatory effect on the disc diminishes. 

The bottom panel of Fig. A1 shows a similar test at the higher
 m4 ) r esolution, wher e the disc is numerically unstable and early
eedback is essential for regulation. For all values of 
v 0 explored,
e confirm that stellar winds have a significant impact on the

FR, suppressing it by a factor of ≈ 2 at later times. Despite this,
 clear trend with 
v 0 emerges. Similar to the trend observed for
he m5 count erpart, v elocity kicks betw een ≈ 12 and 25 km s −1 
NRAS 546, 1–27 (2026) 
aximize the suppression of the SFR. For kick velocities � 12 km
 

−1 (blue/cyan lines), the winds become increasingly ineffective.
his is likely because the velocity imparted to the star-forming
louds is comparable to or less than the local effective sound
peed, rendering the kicks dynamically less relevant. 

For higher velocities, � 50 km s −1 , the star formation rate in-
reases with the kick velocity. As with the lower resolution case,
his occurs because conserving the total momentum with a higher
arget kick velocity r equir es a decr ease in mass loading. At very
igh velocities, the scheme kicks only a few particles very hard;

hese high-speed ejecta may escape the local dense region without
fficiently coupling their momentum to the bulk of the cloud. 

Despite this second-order non-monotonic behaviour, the vari-
tions in SFR between models with different kick velocities are
elativ ely modest. Giv en that thermal pr essur e fr om H ii r egions
emains the dominant stabilizing mechanism, our fiducial choice
f 
v 0 = 50 km s −1 places our model in the robust, effective
egime. 
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Figure B1. Star formation rate as a function of time for the int ermediat e- 
mass galaxy ( M d = 10 10 M �), varying the H ii region lifetime parameter, 

t H ii . The dashed grey line indicates the baseline run without H ii re- 
gions. The top panel shows the intermediate-resolution ( m5 ) simulations, 
where the disc is stabilized by numerical pressure and results are insensi- 
tiv e t o the paramet er choice. The bott om panel shows the high-resolution 
( m4 ) counterpart. For time-scales shorter than the sound-crossing time 
across the resolution element, the thermal energy suffers from numeri- 
cal overcooling and fails to regulate star formation. Robust regulation is 
achieved only when 
t H ii is long enough to allow the thermal feedback 
to produce mechanical P d V work to expand the locally unstable star- 
forming clouds. For the m4 resolution, we find that 
t H ii = 2 Myr is a 
good compromise. 
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P P E N D I X  B :  H  ii REGIONS  L I F ET I M E  

n Section 2.3.2 , we argued that a fixed time-scale of 
t H ii = 2
yr is r equir ed to avoid numerical overcooling in our simula-

ions. To validat e this, w e performed a paramet er exploration
sing the M d = 10 10 M � disc. The top panel of Fig. B1 shows the
esults at int ermediat e ( m5 ) resolution. As discussed in previous
ections, the disc is numerically stabilized in this r egime, r ender-
ng the star formation history largely insensitive to the details of 
he feedback implementation. 

The bottom panel of Fig. B1 shows the results at the higher ( m4 )
 esolution, wher e the disc is numerically unstable and regulation
s essential. Here, varying 
t H ii from 0.25 to 8.0 Myr reveals a
harp transition in feedback efficiency. For 
t H ii � 1 . 0 Myr, the
FRs gradually approach the ‘No H ii feedback’ baseline (dashed 

ine), indicating that these simulations are dynamically equiva- 
ent to those without H ii feedback. Indeed, the run with 
t H ii =
 . 25 Myr is virtually identical to that without early feedback. This
s a clear manifestation of the numerical overcooling problem, 
here the injected thermal energy is radiated away before it can

xpand the gas. In contrast, for 
t H ii � 1 . 0 Myr, the feedback
uccessfully suppresses the SFR by a factor of ≈ 2 compared to
he feedback-free run, and the results converge with 
t H ii . This
onfirms that the heating duration must be comparable to the 
ound-cr ossing time acr oss the SPH k ernel of the dense star -
orming clouds to ensure physical coupling. 

While 
t H ii is fixed at 2 Myr in this work and in the colibre
imulation suit e, w e anticipat e that as numerical resolution ap-
roaches the scales of individual molecular clouds, this param- 
ter should depend on density and eventually converge towards 
he physical recombination time-scale. How ev er, for the resolu- 
ions e xplor ed in our work, which are typical of large-volume sim-
lations, 2 Myr r epr esents a physically motivated time-scale that
revents artificial energy loss while stabilizing unstable discs. 
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