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Is feedback-free star formation possible?
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ABSTRACT

It has been suggested that, if the free-fall time of star-forming clouds is shorter than the lifetime (~ 3
Myr) of massive stars exploding as supernovae (SN), a large fraction of the cloud gas can be converted
into stars during an allegedly ‘feedback-free’ phase. Here, we show that radiation pressure from Ly«
photons produced in the pre-SN phase can instead erase feedback-free conditions, and severely limit
the star formation efficiency (SFE). We find that, for a constant star formation rate, all clouds with
gas surface density (37 —1.7 x 10°) My pc?2 have €, < 0.08. Higher SFE values can only be reached if
Lya-driven shells fragment and form stars. While advanced RHD simulations are required to establish
the importance of this effect, adopting an optimistic guess, we find that the SFE increases with cloud
surface density, rising from e, = 0.023 at X, = 37 My pc™? to e, = 0.27 at ¥, = 1.7 x 105 My, pc~2.
Given the optimistic assumptions adopted, these numbers should be regarded as upper limits. We
conclude that Ly« radiation pressure strongly limits the SFE, even at solar metallicities, erasing the
possibility that a feedback-free star formation mode with €, 2 0.4 exists in the pre-SN phase. This
conclusion remains valid even when other effects such as dust destruction of Lya photons, presence of
Hir regions, velocity gradients, atomic recoil, and turbulence are considered.
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1. INTRODUCTION

The hydrogen Lyman-a (Ly«) line is often the most
prominent emission feature (Osterbrock & Ferland 2006)
in the spectra of galaxies and has historically been used
as a key tracer of star-forming systems (Partridge & Pee-
bles 1967; Djorgovski & Thompson 1992; Rhoads et al.
2000; Taniguchi et al. 2005; Ouchi et al. 2009; Hu et al.
2010; Pentericci et al. 2011; Kashikawa et al. 2011; Ouchi
et al. 2018; Shibuya et al. 2018). Surveys such as HET-
DEX (Hill & HETDEX Consortium 2016), VLT /MUSE
(Herenz et al. 2019), and SILVERRUSH (Ouchi et al.
2018; Shibuya et al. 2018, 2019) have also revealed a
significant population of Ly« emitters across a wide red-
shift range.

In comparison, much less attention has been paid to
the dynamical role of Lya photons. As Lya often car-
ries a significant fraction of the bolometric luminosity in
young, metal-poor galaxies, it has long been suspected
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that its radiation pressure could significantly impact gas
dynamics (Cox 1985; Bithell 1990).

This physical effect might play a pivotal role in our
understanding of the earliest galaxies now routinely in-
vestigated by the James Webb Space Telescope (JWST).
One of the major JWST findings so far has been the
discovery of a population of surprisingly bright, blue
galaxies at z 2 10 (Naidu et al. 2022; Harikane et al.
2023; McLeod et al. 2024; Robertson et al. 2024). These
sources, often termed “blue monsters,” exhibit ultravio-
let luminosities and colors that challenge existing models
of early galaxy formation (Mason et al. 2023; Mirocha
& Furlanetto 2023).

To reconcile observations with theory, several mecha-
nisms have been proposed: extremely low dust attenu-
ation (Ferrara et al. 2023), top-heavy (or even PoplIl-
dominated Maiolino et al. 2024) initial mass functions
(Trinca et al. 2024; Schaerer et al. 2024), or modified cos-
mological initial conditions (Liu & Bromm 2022; Pad-
manabhan & Loeb 2023).

A particularly straightforward explanation suggests
that such galaxies formed stars with extremely high
efficiency, potentially converting nearly all their gas
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mass into stars during short-lived, ‘feedback-free’ bursts
(FFB, Dekel et al. 2023; Li et al. 2023a). In this scenario,
if the free-fall time of a star-forming molecular cloud is
shorter than the delay before the first supernovae (typ-
ically ~ 3-5 Myr), star formation proceeds essentially
unregulated, yielding star formation efficiencies (SFEs)
approaching unity. Analytical arguments and radiation-
hydrodynamic (RHD) simulations have claimed that
early feedback processes—such as photoionization heat-
ing and UV radiation pressure on dust—are insufficient
to halt star formation under these conditions (Li et al.
2023a; Menon et al. 2023).

However, the FFB scenario neglects the momentum
imparted by resonantly trapped Lya photons, which can
become dynamically dominant well before the first SNe.
At the extremely high neutral hydrogen column densi-
ties expected in compact, metal-poor systems, Ly« pho-
tons undergo > 10°¢ scatterings, with the resulting ra-
diation pressure capable of disrupting gas clouds and
quenching further star formation (Tomaselli & Ferrara
2021; Kimm et al. 2018a; Nebrin et al. 2024). Crucially,
this occurs on timescales shorter than the SN delay time,
contradicting the key assumption of the FFB model.

As Ly« often carries a significant fraction of the bolo-
metric luminosity in young, metal-poor galaxies, it has
long been suspected that its radiation pressure could
impact gas dynamics (Adams 1972; Harrington 1973;
Neufeld 1990; Tan & McKee 2003; Oh & Haiman 2002).
Early analytic and numerical studies suggested that
trapped Lya photons could slow accretion onto proto-
stars and dark matter halos, while Monte Carlo radiative
transfer simulations showed that the momentum trans-
fer from multiple scatterings can drive supersonic out-
flows (Dijkstra & Loeb 2008, 2009a).

The dynamical influence ot Lya photons is often char-
acterized by the force multiplier Mp = po/(La/c),
which quantifies how photon trapping boosts the radi-
ation force. In static, dust-free media, this multiplier
scales as Mp 7'01 / 3, where 7y is the Lya line-center op-
tical depth (Adams 1972; Smith et al. 2017; Kimm et al.
2018a). For typical star-forming clouds at high redshift,
the optical depths are enormous (log 79 = 10), leading to
Mp ~ 100 or higher (Tomaselli & Ferrara 2021; Nebrin
et al. 2024), even in the presence of a moderate dust
content (Tomaselli & Ferrara 2021).

The first hydrodynamical simulations explicitly incor-
porating Lya momentum coupling found that it can
significantly alter the dynamics of early star-forming
clouds. Smith et al. (2016, 2017, 2018, 2019) showed
that Lya pressure can drive gas shell expansion faster
than ionizing radiation alone, while Kimm et al. (2018a)
implemented a subgrid model calibrated via MCRT sim-

ulations using the RASCAS code (Michel-Dansac et al.
2020), accounting for recoil, dust, and deuterium effects.
Their results suggested that Lya feedback can poten-
tially reduce star formation efficiency (SFE) and regu-
late cloud evolution prior to supernova (SN) explosions.
Notably, Mg saturates at high 79 due to dust absorp-
tion, with values ranging from ~ 50 for solar metallicity
to 2 100 in primordial environments.

Recent works have begun to highlight the regulatory
role of Lya feedback. Using RHD simulations with
subgrid Lya momentum coupling calibrated via Monte
Carlo radiative transfer, Kimm et al. (2018b) showed
that Lya pressure can reduce SFE and star cluster for-
mation by factors of a few. Analytic models further
indicate that Ly« pressure alone can exceed the com-
bined force from photoionization and UV continuum
pressure by an order of magnitude (Abe & Yajima 2018;
Tomaselli & Ferrara 2021; Nebrin et al. 2025). No-
tably, this regulation occurs well before the onset of SN
explosions, fundamentally challenging the notion of a
feedback-free star formation phase.

In this work, we argue that Ly« radiation pressure is
the dominant early feedback mechanism that regulates
SFE in star-forming clouds. We study the evolution and
overlap of bubbles whose expansion is driven by Ly« ra-
diation pressure. This feedback is capable of halting
star formation and reducing the cloud’s ability to con-
vert gas into stars. Our model combines analytic esti-
mates of Ly« trapping and momentum coupling with a
detailed treatment of cloud evolution under Lya-driven
feedback.

The paper is organized as follows. In Sec. 2 and Sec. 3
we compute the Lya-driven shell evolution and overlap.
In Sec. 4 we use the model to determine the SFE of star-
forming clouds when Lya feedback is included. Sec. 5
discusses additional effects due to dust destruction of
Lya photons, the presence of Hir regions and other Ly«
radiative transfer aspects. Sec. 6 summarizes the paper.

2. LYMAN ALPHA-DRIVEN BUBBLES

Take a star-forming giant molecular cloud (GMC) of
a given gas mass, M., and number density, n = p/um,,
where p = 1.22 is the mean molecular weight for an
atomic neutral H+He mixture, and m, is the proton
mass. Assuming the GMC to be in virial equilibrium,
we define the virial parameter as

§ o’R,
3 fGM.,

Qlyiy = (1)
where f is a geometrical factor related to the cloud in-
ternal density profile. For spherical clouds with a radial
density profile p x =7, it is f = (1 —v/3)/(1 — 2v/5).
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Figure 1. Tllustrative sketch of the Ly -driven bubble evolution in a star forming GMC. Ionized bubbles surrounded by

neutral shells form around massive stars and expand due to Ly

radiation pressure. While in the bubble interior star formation

is suppressed, shells could become gravitationally unstable, fragment and form stars. As the volume filling factor Q(t) increases,
star formation is also facilitated by shell collisions in which the gas is highly compressed. Such triggered star formation accelerates
the growth of bubbles until the remaining gas is either completely ionized or evacuated from the potential well of the GMC.

We assume f = 1 for our homogeneous cloud and i, =
5/3, which is consistent with local observations (Heyer
et al. 2009) and simulations of GMCs (Grisdale et al.
2018). From eq. 1 we derive the expression for the cloud
radius R, = otg, free-fall time tg = (3/47Gp)~'/?, and
1D velocity dispersion o = (GM./tg)'/?. Finally, for
some purposes the following expression for the gas sur-
face density, X, = M./7R?, is useful:

MC 1/3 n 2/3

¥, =800 ——— e a—
g 106 M, 103 cm—3

Mg pc™? (2)

If one writes the mean star formation rate in the cloud
using the standard Schmidt-type law, then using the
previous expressions we find

o3

SFRy = 63% = Gﬁa. (3)
In the following we take the ’instantaneous’ efficiency
per free-fall time as eg = 0.01 based on the average
value of local measurements obtained by Krumholz &
Tan (2007).

As soon as they form, massive stars (mass m.), pro-
duce H-ionizing photons at a rate Nw~ Part of these
photons are converted by recombinations into Ly« pho-
tons exerting a radiation pressure onto the surrounding
gas. As a result, the gas is compressed in an expanding
thin shell enclosing a low-density bubble, whose radius,
R, increases with time according to the solution of the
momentum equation,

d . L,

%[M(< RS)RS] = MF<RS)? (4)

Interestingly, this mechanism works even in metal-free
gas as it does not rely on the presence of dust grains
(or free electrons, in the standard Eddington case) to
transfer the radiation momentum to the gas. In eq. 4
we have neglected the gravity force, F, = Gm.M,/R;
exerted by the star on the shell, which can be shown to
be negligible before shells start to overlap. If individual
bubbles are small with respect to the cloud radius Ry <«
R, the tidal effects of the global cloud gravity field can
also be neglected.

The Lya luminosity’, L, = (2/3)E,N.,, where E, =

10.2 eV is the energy gap of the transition, drives the ra-
diation pressure. The ionization rate depends on stellar
mass and metallicity. We adopt a metallicity? consistent
with that measured in early galaxies (= 1/50 Zg) and
use the results in Schaerer (2002):

log N, = 27.80 + 30.68z — 14.802° + 2.50z%,  (5)

with = = log(m«/Mg). For a 1 — 100 Mg Salpeter
IMF which we adopt here, the IMF-weighted mean
ionizing luminosity of massive (m, > 8Mgy) stars is
]\'77 = 1087 57! corresponding to a characteristic stellar
mass My = 26.6 M. The previous value of Z\'f7 implies
Lo, = 1.3 x 10*Ley = 5 x 1037 erg s~!. Note that L,
would be even larger for a top-heavy IMF.

The force is amplified by the resonant nature of the

Lya scattering, resulting in the aforementioned force

L A negligible LyC escape fraction from the GMC is assumed.
2 We note that N is only weakly dependent on metallicity, varying
by a factor = 2in 0:01 <Z=Z <1.
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multiplier, M. Physically, M represents the ratio of
the trapping time (due to multiple scatterings) of Ly«
photons to the light crossing time in a system of charac-
teristic size £: Mp = tyap/(¢/c). In the absence of dust
(see below), the force multiplier can be written, follow-
ing Tomaselli & Ferrara (2021) (see also Lao & Smith
2020), as

Mp ~ 3.51 (a,70)"?, (6)

where 79 = 0Ny is the optical depth at the line center,
0o = 5.88 x 10_14T471/2cm27 T = 30 K is the adopted
gas temperature®, and Ny is the neutral hydrogen col-
umn density collected by the shell, on which radiation
pressure acts; finally, a, = 4.7 X 10_4T471/2. Here, we
set Nur = nRs. We note that eq. 6 is valid for a central
point source, which should be appropriate in the context
of this study.

If dust is present, radiation pressure is limited by the
fact that Lya photons are absorbed by grains, thus de-
creasing the force multiplier M. To account for this ef-
fect we use the derivation by Tomaselli & Ferrara (2021),
and cap Mg above a certain 79 where dust absorption
becomes important. This is equivalent to imposing the
following condition:

MF = IIliIl[]\4F7 MF(D)] (7)
where My is given by eq. 6, and
Mp(D) = 35.2 (TyD) /4, (8)

and D is the dust-to-gas ratio normalized to the Milky
Way value (1/162), which we take to be proportional to
the metallicity, D « Z. Expression eq. 7 is also in ex-
cellent agreement with the My predictions obtained by
Nebrin et al. (2024) (see their Fig. 5) from a novel ana-
lytical Ly« radiative transfer solution that includes the
effects of continuum absorption, gas velocity gradients,
Lya destruction, ISM turbulence and atomic recoil.

Let us introduce the non-dimensional variables y =
Rs/Re, § = Rs/a, and 7 = t/tg. We also write Mg =
3.51 (a,oonR.)Y3z' /% = Myz'/3. Eq. 4 becomes:

d .

E[ygy] =K ayl/S’ 9)
where K ,(n,0) = MyGL,/o%c is the non-dimensional
radiation pressure force coefficient. The solution of eq.
9 shows that the shell radius increases as a power-law
function of time:

121K, /11
78

y(r) = P/, (10)

3 We use the notation Yx = Y=10%.

The expansion described by eq. 10 continues until the
stars explode as SNe at the end of their life. Using the
fits provided in Raiteri et al. (1996), the lifetime of a
M. = 26.6 M star at Z = 1/50 Zg is t. = 6.6 Myr. As
the main goal of this paper is to study the pre-SN feed-
back phase and assess whether radiation pressure from
massive stars can disperse the cloud and limit star for-
mation, we concentrate in the following on evolutionary
times t < t,.

3. BUBBLE OVERLAP

Armed with the solution for the growth of bubbles
around individual stars, we now concentrate on their
collective behaviour. The volume filling factor, Q(t),
i.e. the fraction of the GMC volume filled with bubbles,
is determined by the following differential equation:

dQ Vs(t)
o =V SR 52 (1-Q). (11)

The (1 — @) term on the r.h.s. accounts for bubble
overlapping, V;/V. = (Rs/R.)® = 33, and v = 1/52.89
is the number of massive (> 8 M) stars per unit stellar
mass formed appropriate for the adopted IMF. We first
solve eq. 11 imposing a constant star formation rate
SFRy (eq. 3); we then generalize the result to cases in
which the SFR is itself a function of Q.

If we neglect overlapping, and we denote with Qq(t)
the solution in this case, we find

Z

SFRo ~ *
Qolt) =v=—"" Vi(t—t))dt/, (12)

Voo

which in terms of normalized variables becomes
. #
11 121K, %

— N* - [ 29/11 13
Qo) =N o5 2 My

where N, = (v SFRy tg) is the number of massive stars
formed per free-fall time.

The previous formula is valid as long as the filling
factor is low (@ < 0.3). For larger values, bubble over-
lapping becomes important, so the solution of eq. 11
takes the form

Q1) =1—e @), (14)

As the Lya-driven bubbles expand, they carve low-
density, ionized bubbles surrounded by dense shells. The
probability that, at time 7, a given point in the GMC is
located within a bubble, is given by Q(7).

The above treatment assumes that the SFR is con-
stant. This is equivalent to neglecting the feedback of
bubbles on the star formation process. This feedback
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Figure 2. Time evolution of Ly -driven bubbles volume filling factor Q (thin red lines) and star formation efficiency (SFE),

= M =M (thick red curves) up to the onset of SN explosions at t = 3 Myr for a constant star formation rate ( = 0, see Sec.
4.1). The curves are color-coded according to the cloud gas surface density, g, as shown in the colorbar. Also shown (gray
dashed lines) is the SFE expected for each cloud in the absence of Ly feedback. Note that the vertical axis has been expanded

for display purposes.

can be both negative or positive. Negative feedback oc-
curs because the bubble interior contains low-density,
ionized gas where star formation is virtually impossible.
Hence, the overall SFR should be decreased by a factor
(1-@Q). On the other hand, gas collected in the expand-
ing shells can become gravitationally unstable, fragment
and form stars (see sketch in Fig. 1). This process rep-
resents a positive feedback on the SFR, whose strength
increases with Q.
To describe this behaviour we write the SFR in the
following generic form:
SFR = SFRo(1 4+ \Q), (15)
where A is an arbitrary constant. Note that A > —1
in order to avoid an unphysical negative SFR, for large
Q. If A < 0, negative feedback dominates, and as @
increases, star formation is suppressed. If instead A > 0,
the positive feedback produces a SFR, increase. Finally,
the special case in which negative and positive feedback
exactly balance each other (or the presence of bubbles is
ignored) corresponds to the case A = 0 with a solution

given by eq. 14. Physically-motivated values of A\ will
be discussed in the following Section.

To obtain the general solution for any value of A > —1,
we substitute eq. 15 into eq. 11 and solve for Q(¢):

8
% e(1+N)Qo(7) _ 1
X 4+ e(1+X)Qo(7)”

"B Qi)

14+ Qo (’7‘) ’
Note that if A = 0 we recover the constant SFR case
described by eq. 14. In the following we will use this
solution to discuss the fate of the GMC under the action
of Lya radiation pressure feedback.

if A > —1,
Q(7) (16)

ifA=-1.

4. STAR FORMATION EFFICIENCY

Using the formalism developed in the previous Sec-
tions, we want to determine the value of the gas-to-stars
conversion factor, €, = M,/M,., where M, is the total
mass of stars formed before SN explosions take place at
t = t,. We will derive this quantity as a function of the
cloud properties. We explore two cases corresponding
to either constant (eq. 3) or evolving (eq. 15) SFR.



6 FERRARA, MANZONI & NTORMOUSI

1.0 —
5.0
0.8 +
] — Q(b)
0.6 SFE 4.5
] SFE (no feedback
0.4 — 4.0
] A= -1 =
0.2 4 U
] 35 5
f =
,‘ 0.047 j...
| ’ o
f ," f’ 0.037 3.0 :_g‘
[
/ /f ff 1 0.029
/ .j' ‘.4"
Ny - 2.5
/ A 0.018
/ / 0.014
/ /4 -
0011 2.0
/ 7 =
_ /- : ——— i
0.0 F—— I B e B — : —
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
log(t [Myr])
Figure 3. As Fig. 2 but including the negative feedback of Ly -driven bubbles on the SFR ( = 1, see Sec. 4.2). The

numbers indicate the final value of the SFE,

4.1. Constant SFR

The constant SFR. case is obtained by setting A = 0
in egs. 15-16, and therefore SFR = SFRy. The key fea-
tures for this case are illustrated in Fig. 2 for clouds with
¥, in the range® (37 — 1.7 x 10°) Mg pc~? bracketing
the observed and predicted range for GMCs in different
environments.

The filling factor ) grows with time for all clouds.
As @ increases, a larger fraction of the GMC volume is
filled with low-density, ionized gas in which SF is not
possible. Eventually, SF stops when @ ~ 1. We define
the time at which SF is quenched as tg. We note that
this treatment is not completely self-consistent as the
SFR should in principle decrease with time as the filling
factor increases.

The condition ) = 1 is only reached by clouds with
Y, 2 100 Mg pc~2 before SNe start to explode at tgy =
3 Myr (roughly the lifetime of the most massive stars).
Due to their higher SFR, the most massive clouds reach
@ =1 already at tg ~ 0.2 Myr.

4 In practice, we fix Mg = 105 M and vary n to obtain the desired

range.

= M =M, just before the onset of SN explosions at t = 3 Myr.

Next, we compute the stellar mass formed, M,, by
time-integrating the SFR for each cloud; this mass is
removed from the available gas mass. We then define
the cloud star formation efficiency as e, = M, /M.. The
evolution of €,(t) is shown by the thick red curves in
Fig. 2. As we see, feedback from Ly« radiation pressure
limits the SFE to very low values (e, < 0.08), ending SF
well well before 3 Myr.

Although the constant SFR is a special (and unlikely)
case in which positive and negative feedback exactly bal-
ance, it allows a direct comparison with the standard
feedback-free star formation model, if we further re-
move the condition that SF is completely quenched once
@ = 1. For comparison, we also show (gray dashed lines)
the SFE expected for each cloud in the absence of Lya
feedback. Indeed, clouds with ¥, > 4 x 10* Mg pc—?
can reach a SFE ¢, > 0.4 before SNe occur. The most
massive cloud, with its SFR = 0.43 Muyr—!, is able
to transform all its gas into stars in merely 2.4 Myr.
This is in striking contrast with the results obtained
when Ly« feedback is considered. Thus, if Ly« feed-
back is included, the potential feedback-free star forma-
tion mode yielding large SFE values is essentially erased.
The SF suppression can be even more drastic during the
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pre-SN phase, as we are neglecting here the effects of
Hir regions. We'll return to this point in Sec. 5.2.

4.2. Ewvolving SFR (negative feedback only)

As we have noticed in Sec. 3, Lya feedback can either
quench or boost star formation depending on A\. We first
discuss the negative feedback-only case, in which SFR
is suppressed within bubbles. This case corresponds to
A = —1 and it is shown in Fig. 3.

The emerging picture is not fundamentally different
from the constant SFR case analyzed above. Now the
SFR decreases with time and this slows down the growth
of Q(t). While in principle the system has more time
available to form stars before the cloud is dispersed at
@ = 1, this advantage is counterbalanced by the slower
conversion of gas into stars. As a result the final value
of €, is roughly the same as in the constant SFR case.

From Fig. 3 we see that the condition @ = 1 is
now reached by the most massive clouds with ¥, 2
8000 Mg pc—?2 before SNe start to explode. In these
clouds the SFE is €, < 0.048 (see the individual val-
ues shown in the Figure; also note that the y-axis scale
has been expanded for a better display). Less massive
clouds continue to form stars up to 3 Myr as their SFR
is too low to produce a strong Ly« feedback; however,
and for the same reason, their ability to convert gas into
stars is very modest ( < 1%).

We conclude that — unless Lya-driven bubbles pro-
duce some sort of positive feedback in addition to the
negative one — there is no pre-SN feedback-free phase in
which the SFE exceeds 5 — 10%.

4.3. FEvolving SFR with triggered star formation

The treatment in Sec. 4.1 assumes that SFR is com-
pletely suppressed inside bubbles (negative feedback).
While this remains a motivated assumption, it neglects
the possibility that SFR can be instead enhanced (posi-
tive feedback) in swept-up shells and in the web of fila-
ments produced by their collisions, a picture preliminary
discussed in Sec. 3 (see sketch in Fig. 1). If positive
feedback overcomes the negative one, the feedback pa-
rameter A becomes positive too.

While radiation-hydrodynamical simulations includ-
ing the dynamical treatment of Ly« radiation are nec-
essary to fully characterize the importance of such trig-
gered (or self-propagating) star formation process, some
preliminary, educated guess of the A value can neverthe-
less be made.

If the shells become gravitationally unstable, fragment
and form stars, from eq. 3 we see that the SFR enhance-
ment over the mean value SFRy is controlled by three
processes: (a) the fraction of the shell mass that ends

up into gravitationally-bound fragments, 0 M, (b) the
density enhancement, dn, of the shell gas with respect to
the mean, (c) the star formation efficiency per free-fall
time enhancement, deg, with respect to the global value
eg. Thus, we can estimate A\ from the relation

A~ 6 M, x deg x (6n)Y/2, (17)

where the square-root dependence on dn comes from the
free-fall time in eq. 3. Let us qualitatively evaluate these
three factors.

Simulations of SN—driven and Hir region—driven shells
(Dale et al. 2009; Walch et al. 2013) typically find that,
for thin shells, the fraction of mass ending up in bound
clumps is M ~ 0.1. For an isothermal strong shock,
the post-shock density enhancement scales with the
Mach number as én = M 2. In the case of Lya-driven
shells, the velocity evolves according to the derivative of
eq. 10, § o< 775/ At ¢t ~ 3 Myr, depending on the
initial gas surface density ¥,, we find M ~ 1-15. To
maximize the star-formation enhancement, we adopt the
upper value M = 15, corresponding to (én) /% = 15.

Clumps produced by shell fragmentation are expected
to be dense and compact (Decataldo et al. 2019), al-
lowing them to self-shield efficiently against UV radia-
tion and resist gas ablation. Their star formation effi-
ciency could therefore exceed that of the parent cloud
(Lada et al. 2010; Krumbholz et al. 2019). Murray (2011),
by analyzing a sample of 32 star-forming GMCs in the
Milky Way, found that while for the cloud-averaged
value of eg is in the range is 0.002-0.2 (consistent with
our choice eg = 0.01), for individual clumps, eg raises
to 0.14 — 0.24. Adopting again the maximum value, we
find deg = 24. Inserting these values into eq. 17 yields
an optimistic estimate of A = 36.

The results for A = 36 are shown in Fig. 4. This
choice corresponds to a scenario in which the SFR is
overwhelmingly dominated (36:1) by triggered star for-
mation resulting from Lya-driven shell fragmentation.
The final star formation efficiency prior to the onset of
SN feedback increases with cloud surface density, rising
from e, = 0.023 at £, = 37 My pc™? to e, = 0.27
at Mg = 1.7 x 10° Mg pc=2. Given the optimistic as-
sumptions adopted, these numbers should be regarded
as upper limits. For comparison, the more conservative
value A = 14 yields 0.015 < €, < 0.186 over the same
Y4 range.

The relatively low final SFE is primarily driven by the
rapid suppression of star formation caused by the swift
expansion of Lya-driven bubbles, which ionize and/or
expel gas from the GMC, thereby removing it from the
star formation cycle. Under such sustained SFR, the
bubbles fill the entire GMC volume before the onset of
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Figure 4. As Fig. 2 but including both negative and positive feedback of Ly -driven bubbles on the SFR (we show results
= M =M, just before the

for the ‘optimistic’ case
onset of SN explosions at t = 3 Myr.

SN explosions; in the most massive clouds, this occurs
in <105 yr.

We therefore conclude that Lya radiation pressure im-
poses a stringent limit on the fraction of GMC gas that
can be converted into stars during the feedback-free pre-

SN phase.
5. DISCUSSION

The simple yet robust model we have developed shows
that the SFE of molecular clouds in the pre-SN phase
is regulated by an often ignored physical process, Ly«
radiation pressure from young, massive stars. As low
density, ionized bubbles grow and fill an increasingly
large fraction, @ of the cloud volume, star formation is
suppressed in such cavities, but could be triggered in the
boundary shells which fragment into dense and opaque
clumps.

Describing this process in detail is difficult, and ded-
icated, high-resolution RHD simulations in which Ly«
dynamics is properly included are necessary. Although
there a few early and promising attempts in this direc-
tion none of these studies can provide a definite answer
yet due to the lack of one of the key ingredients. While
pioneering studies (Dijkstra & Loeb 2009b), corrobo-

= 36, see Sec. 4.3). The numbers indicate the final value of the SFE,

rated by the most recent and advanced analytical mod-
els (Tomaselli & Ferrara 2021; Nebrin et al. 2024; Smith
et al. 2025), have indisputably shown the importance
of Lya radiation pressure feedback in various environ-
ments, and most notably at high redshifts, numerical
simulations are still falling short of providing quantita-
tive and detailed predictions.

In fact, state-of-the-art multi-physics RHD galaxy
simulations, such as e.g. SERRA (Pallottini et al. 2022)
or FIRE (Hopkins et al. 2020), include various radia-
tive feedback channels (photoionization, dust radiation
pressure, etc.) but historically did not include, mostly
due to their computational cost, on-the-fly Lya radia-
tion transfer and associated dynamical effects.

This gap is beginning to be filled by some studies
(Smith et al. 2018; Kimm et al. 2018a; Michel-Dansac
et al. 2020). In particular, Smith et al. (2018) explored
on-the-fly Lya RHD in 1D/idealized setups and devel-
oped algorithms (rDDMC / resonant DDMC) to mas-

sively accelerate Lya RT so that it can be coupled to hy-
drodynamics in 3D in the near future. Once fully imple-
mented, these simulations will represent perfect follow-
up experiments to test the present results, pin-point un-
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Figure 5. Summary plot showing the predicted dependence of the SFE of star-forming clouds on the cloud gas surface density,
3g, including the effects of Ly feedback. We show the three cases corresponding to different values of the feedback parameter

= 0 (green circles, constant SFR), = 1 (grey circles, including negative feedback only),

= 36 (red circles, including

negative and optimistic positive feedback). For the latter case we show the impact of varying the gas metallicity in the range

0<Z <Z (coral shaded area) as discussed in Sec. 5.1.

certain processes, and assess the role of triggered star
formation.

The results found here are summarized in Fig. 5.
There we show the relation between the final SFE e,
at the end of the pre-SN phase (taken here to be 3
Myr) as a function of the cloud surface density 3,. We
do confirm an increasing trend of the SFE ¢, in more
massive clouds. This behaviour has been already sug-
gested by previous authors (Li et al. 2023b; Menon et al.
2025; Somerville et al. 2025) for Hir regions- and SN-
driven feedback. The SFE follows with good accuracy a
power-law of the type €.(¥y, ) = A(A\)X7, with v ~ 0.3.
Interestingly, the feedback does not modify the power-
law index +y; rather, it controls the normalization factor
A via the feedback parameter A. For the three cases
explored here we find A(\) = (1.2,1.9,7.2) x 1073 for
A =(—1,0,36), respectively.

5.1. Dust effects

The results discussed so far have been obtained for a
gas metallicity Z = 0.02Z. In this context, metallicity
controls two quantities: (a) the stellar ionizing photon
production rate, Nw and (b) the dust-to-gas ratio, D,
which we assume to scale linearly with Z. Concerning

(a) we have already noted (see footnote 2) that the the
effect is negligible. The dust abundance is instead more
critical and we discuss it in the following.

Dust, by absorbing Ly« photons, can decrease the
value of Mg below the dust-free case (eqs. 6 and 8).
Although the reduction depends weakly on D, it does
affect the results. To illustrate this point we have rerun
the positive feedback A = 36, for a range of metallic-
ities, spanning the range 0 < Z < Zg. The outcome
is shown by the coral shaded area in Fig. 5. For solar
metallicity (top boundary of the area) a reduced Mp
value allows a 27% increase of the SFE from the fiducial
case with Z = 0.02Z5. For a metal free gas though,
the SFE is strongly suppressed, and it is about 3 times
lower (e, = 0.09).

Thus, Lya radiation pressure effectively limits star
formation even for solar metallicities. Surprisingly,
though, many important works have neglected Ly« ra-
diation pressure at solar metallicity, e.g. Arthur et al.
(1996); Draine (2011). Moreover, we have to note that
our study does not include direct radiation pressure on
dust grains, which is mainly due to the much more nu-
merous non-ionizing photons. Clearly, as Z increases,
this pressure force becomes more important. Including
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this extra term is beyond the purpose of the present
work; for reference, the relative importance of Lya and
dust-mediated radiation pressure on the gas has been
discussed in detail in Tomaselli & Ferrara (2021). How-
ever, it is clear that dust, if present, might be another
factor in erasing the alleged feedback-free star formation
pre-SN phase by providing and extra radiation pressure
channel. We stress again that advanced RHD simula-
tions including dust dynamics are required to test our
results under the idealized geometry adopted. For ex-
ample, Nebrin et al. (2025) showed that dust destruction
of Lya photons can be stronger for extended sources.

5.2. HII regions

So far, we have neglected the effects of Hir regions
around massive stars. Qualitatively, we expect that
over-pressurized, ionized regions also drive expanding
bubbles in the GMC, similar to the Lya-driven bubbles
studied here. Therefore, neglecting Hir regions likely
leads to an overestimate of the SFE. As we have seen,
€x X 22'37 meaning the most massive and dense clouds
are those attaining a relatively high SFE (e.g., above
10%). From Fig. 5, taking the most favourable case
A = 36, this occurs for ¥, 2 10* Mg pc™2.

To illustrate the point, let us examine the most mas-
sive cloud in our range, with ¥, = 1.7 x 10° Mg, pc—2
and a corresponding density of n = 3 x 10° ¢cm™3
(eq. 2). For the fiducial value log N, = 48.6, the
Stromgren radius, which delimits the ionized region,
is Rf = 2.5 x 1073 pc. The ionization front (IF)
reaches this radius in approximately a recombination
time, ¢, = (apn)~! ~ 0.04 yr. By that time, the size of
the Lya bubble (from eq. 10) would be Ry = (1/16)R;.
Thus, Lya driving acts on the neutral layer just beyond
R;. In other words, the Hir region provides a ‘kick-start’
to the Lya-driven bubble.

Once the transition to a D-type IF occurs, the bub-
ble begins to expand dynamically, driven by the inter-
nal pressure of the ionized gas. This expansion gener-
ates a shock in the surrounding neutral gas. Assum-
ing an isothermal shock, and uniform, photoionization-
equilibrium conditions in the ionized region, the velocity
of the IF at radius R can be expressed as (Sommovigo
et al. 2020):

1dR7 & 3/4 c R 3/4

ad - R — i , (18)
where C' = (¢ + 0%)/(c} + 0?), and ¢; and ¢ are the
sound speeds in the ionized and neutral gas, respectively.
With the boundary condition r(t = 0) = Ry, eq. 18 can
be integrated analytically. However, for our purposes,
it suffices to determine the maximum (stalling) radius,

Rr max, of the expanding Hir region. Setting dR/dt =0
yields:
2 2/3
Rima~Rr 1+ = . (19)
The expansion stalls at Ry max once the internal pressure
is balanced by the external turbulent pressure, po?. In
eq. 19, we have also used the fact that ¢s; < cy.

For our most massive molecular cloud, taking c¢; =
10 kms ™', we find ¢;/0 = (10/56.2) ~ 0.18. From eq.
19, this implies that Ry max is only 2% larger than Ry —
meaning the Hir region barely expands beyond R;.

We conclude that, in the absence of Ly« radiation
pressure, Hi1 regions would have a negligible impact on
star formation and its efficiency of the most massive
clouds, given their extremely low volume filling factor.
The influence of Hir regions becomes more significant for
smaller clouds. However, this is largely irrelevant here,
as such clouds already exhibit low €, values.

These preliminary conclusions must be verified
through detailed numerical simulations that include the
evolution of IFs and the combined effects of Lya and
dust-mediated radiation pressure. Nevertheless, our re-
sults provide robust upper limits on the SFE of star-
forming clouds in the pre-SN phase.

5.3. Other neglected effects

We have not made any attempt to include the effects
of velocity gradients, atomic recoil, or turbulent density
fluctuations on the force multiplier, Mr. While the first
two processes have been shown (Nebrin et al. 2024) to
be largely subdominant® with respect to Lya photon
destruction due to dust (see Sec. 5.1), some authors
(e.g. Munirov & Kaurov 2023) have claimed that tur-
bulent fluctuations with a finite correlation length, ¢;,
could in principle reduce the average number of scatter-
ings (and therefore Mp) suffered by Lya photons be-
fore escaping the cloud. This effect becomes important
when the correlation length is small, i.e. when the ratio
li/Amip < 10%, where A, = (nog) ™! is the mean free
path of a Lya photon at the line centre. The above rela-
tion can be translated in a condition on ¢; < 0.05/n pc.
As ¢, is measured to be 10—100 pc in GMCs, for any den-
sity value considered here, turbulence should not have
any significant effects on Mp. This conclusion is also
supported by the results in Nebrin et al. (2024).

5 Using their analytical model solutions, Nebrin et al. (2025) have
shown that for the point source geometry of interest here atomic
recoil and velocity gradients do not appreciably modify the Mg
trend in eq. 6. An additional effect, destruction of Ly photons
by 2p ¥ 2s transitions, might become important at high g thus
mimicking dust effects in pristine environments.
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Finally, we recall that we have not included the energy
input due to stellar winds from massive stars. Although
the cumulative energy per unit stellar mass formed is
only ~ 1% of that in ionizing radiation (see Fig. 2 of
Pallottini et al. 2017), the more efficient winds energy
coupling with the gas can partly compensate for the mis-
match. Stellar winds could represent yet another, al-
though maybe subdominant, SFE limiting factor during
the first 3 Myr.

6. SUMMARY

We have investigated whether Lya radiation pressure
from young, massive stars is effective in limiting the con-
version of gas into stars (i.e. the star formation effi-
ciency, SFE) in their parent molecular clouds prior to
the onset of SN explosions (&~ 3 Myr from the beginning
of star formation). The main goal of the study is to as-
sess whether an early feedback-free evolutionary phase
during which star formation occurs almost unimpeded
by feedback processes and reach high SFE values.

To this aim we have developed a simple model describ-
ing the evolution and overlap of Lya-driven bubbles, un-
til star formation is quenched at a time ¢ corresponding
to a bubble volume filling factor, @ ~ 1, when the cloud
gas is either fully ionized and/or evacuated. Our study
examines a wide range of cloud gas surface densities,
¥, = 37— 1.7 x 10° Mg pc™? bracketing the observed
and predicted range for GMCs in different environments.
The main results are:

B If Lya bubbles do not feed back on the star for-
mation rate (SFR = const. or feedback parameter
A = 0 in eq. 16), Ly radiation pressure lim-
its the SFE to very low values (e. < 0.08) in-
dependently of ¥,, quenching the formation of
new stars well before 3 Myr. This result is in
stark contrast with the standard ‘feedback free’
model predictions, according to which clouds with
Mg >4x 104 Mg pc 2 reach a SFE e, =0.4—1.0
before SNe occur.

B The impact of Ly« radiation pressure on the SFE
is even more dramatic if we account for the de-
crease of the SFR within Lya-driven bubbles (A =
—1, negative feedback). The condition @ = 1

is reached at t < 3 Myr by clouds with £, 2>
8000 Mg pc~2; in these systems, e, < 0.048. Less
massive clouds continue to form stars up to 3 Myr
as their SFR is too low to produce a strong Ly«

feedback; however, and for the same reason, their
SFE is very modest ( < 1%).

B Higher SFE values can only be attained if Lya-
driven shells fragment and form stars (triggered
star formation) thus causing an increase in the
SFR (A > 0, positive feedback). While advanced
RHD simulations are necessary to determine the
value of A, based on the physical arguments given,
we argue that A < 36. Adopting this value as an
optimistic guess, we find that the SFE increases
with cloud surface density, rising from e, = 0.023
at X, = 37 Mg pc™2 to e, = 027 at X, =
1.7 x 105 Mg pc2. Given the optimistic assump-
tions adopted, these numbers should be regarded
as upper limits.

B We conclude that Lya radiation pressure strongly
limits the fraction of GMC gas that can be con-
verted into stars, essentially erasing the possibility
that a genuine feedback-free star formation mode
with €, 2 0.4 exists in the pre-SN phase.

B Our conclusion remains valid even when (i) the
dust/metal content of the cloud is varied from
metal-free to solar values, (ii) we allow for the pres-
ence of Hi1 regions adding another negative feed-
back on the SFR, (iii) the effects of velocity gradi-
ents, atomic recoil, and turbulent density fluctua-
tions on the Lya force multiplier are considered.
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