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A B S T R A C T 

The neutrino-driven wind from proto-neutron stars is a proposed site for r-process nucleosynthesis, although most previous 
work has found that a wind heated only by neutrinos cannot produce the third r-process peak. Ho we ver, se veral groups have 
noted that introducing a secondary heating source within the wind can change the hydrodynamic conditions sufficiently for a 
strong r-process to proceed. One possible secondary heating source is gravito-acoustic waves, generated by convection inside the 
proto-neutron star. As these waves propagate into the wind, they can both accelerate the wind and shock and deposit energy into 

the wind. Additionally, the acceleration of the wind by these waves can reduce the total number of neutrino captures and thereby 

reduce the final electron fraction of the wind. In neutron rich conditions, all of these effects can make conditions more fa v ourable 
for r-process nucleosynthesis. Here, we present a systematic investigation of the impact of these convection-generated gravito- 
acoustic waves within the wind on potential nucleosynthesis. We find that wave effects in the wind can generate conditions 
fa v ourable for a strong r-process, even when the energy flux in the waves is a factor of 10 

−4 smaller than the total neutrino 

energy flux and the wind is marginally neutron rich. Nevertheless, this depends strongly on the radius at which the waves become 
non-linear and form shocks. We also find that both entropy production after shock formation and the acceleration of the wind 

due to stresses produced by the waves prior to shock formation impact the structure and nucleosynthesis of these winds. 

Key words: convection – nuclear reactions, nucleosynthesis, abundances – waves – stars: neutron – supernovae: general. 
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 INTRODUCTION  

fter its formation in a core-collapse supernova, a proto-neutron
tar (PNS) cools by emitting some 10 53 erg in neutrino radiation (see
urrows & Vartanyan 2021 for a recent review on supernova theory).
fter a successful supernova explosion, the PNS is left surrounded
y a relatively low-density region and it continues to emit neutrinos.
eutrino interactions deposit sufficient energy in the outer layers of

he PNS to unbind some material in a neutrino-driven wind (NDW),
rst predicted by Duncan, Shapiro & Wasserman ( 1986 ). The NDW

s powered mainly by charged-current neutrino interactions, which
an both heat the material and alter its neutron-to-proton fraction.
epending on the spectrum of the neutrinos emitted by the cooling
NS, the neutrino-driven wind could become either neutron or proton
ich. If the wind becomes neutron rich, there is a possibility for
he rapidly outflowing gas to undergo r-process nucleosynthesis
e.g. Woosley et al. ( 1994 ), Thompson, Burrows & Meyer ( 2001 ),

anajo ( 2013 ), and see Arcones & Thielemann ( 2012 ) for a
ecent re vie w]. 

The material ejected from the PNS begins in nuclear statistical
quilibrium, and as it cools begins forming large numbers of α
articles. In a neutron-rich wind, nearly all the protons will be bound
 E-mail: bnevins108@gmail.com 
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nto α particles when the wind reaches a temperature of ≈5 GK.
riple- α reactions and subsequent α captures then form a number
f heavy seed nuclei, before charged-particle reactions freeze out as
he temperature in the wind continues to drop (Woosley & Hoffman
992 ). Free neutrons can then capture on to these seed nuclei as
he wind mo v es outward and produce r-process nuclei (Me yer et al.
992 ). The determining factor for whether a strong r-process can
ake place is the ratio of free neutrons to seed nuclei when seed
ormation ends. The three primary factors influencing this are the
lectron fraction, which sets the free neutron abundance; the entropy
f the wind during seed formation; and the dynamical time-scale
f the wind during seed formation (Hoffman, Woosley & Qian
997 ). The influence of the electron fraction is clear: a strong r-
rocess requires an abundance of free neutrons, and specifically,
 high neutron-to-seed ratio so that the heaviest elements can be
ormed. At constant temperature, a higher entropy implies a lower
ensity. The triple- α and neutron-catalyzed triple- α reactions that
orm the initial seed nuclei are three- and four-body interactions,
hich scale strongly with density. Thus, a high entropy means that

hese reactions will be much less efficient, resulting in fewer seeds
eing formed, and increasing the neutron-to-seed ratio in the wind.
inally, the dynamical time-scale of the wind determines how long
eed formation can proceed before charged particle reactions freeze
ut. A short dynamical time-scale means that fewer seeds will have
he chance to form. A sufficiently short dynamical time-scale can also
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ompensate for a lower entropy in this way, and allow an r-process
o proceed. The cube of the entropy, divided by the dynamical time-
cale, has often been used as a criterion for determining r-process
easibility (Qian & Woosley 1996 ; Hoffman et al. 1997 ). 

The NDW was initially predicted to be neutron rich, and Woosley 
t al. ( 1994 ) found it underwent a strong r-process that closely
atched the solar r-process abundance pattern, in large part due to 

he high entropies found in their calculations. Subsequent work (e.g. 
itti, Janka & Takahashi 1994 ; Qian & Woosley 1996 ; Otsuki et al.

000 ; Thompson et al. 2001 ) failed to reproduce conditions suitable
or a strong r-process, finding entropies significantly lower than 

oosley et al. ( 1994 ). Later work has explored the impact of other
ossible physics on the NDW, but has generally shown that, outside 
f extreme conditions – high PNS mass, unrealistically low electron 
ractions, or magnetar-strength magnetic fields – a wind heated 
urely by neutrinos does not reach high enough entropies or short
nough dynamical time-scales during seed formation to allow for a 
trong r-process (e.g. Thompson et al. 2001 ; Metzger, Thompson & 

uataert 2007 ; Wanajo 2013 ). The inclusion of corrections from
eneral relativity tends to make conditions more fa v ourable for the
 -process, b ut a very high PNS mass is still required for a strong
-process to proceed (Cardall & Fuller 1997 ; Otsuki et al. 2000 ;
hompson et al. 2001 ). A number of studies have explored the effects
f rotation and magnetic fields in varying dimensionality (Metzger 
t al. 2007 ; Vlasov, Metzger & Thompson 2014 ; Thompson & ud
oula 2018 ; Desai, Siegel & Metzger 2022 ), further confirming 

hat extreme conditions – high PNS masses and magnetar-strength 
agnetic fields – are required for conditions to fa v our an r-process. 
Other studies have focused on the electron fraction in the wind, 

s Hoffman et al. ( 1997 ) predicts that a lo wer Y e will allo w for
trong r-processing with lower entropies. The electron fraction is 
et by the neutrino physics at work in the wind, which has been
tudied in increasing detail. Simulations by Fischer et al. ( 2010 )
nd H ̈udepohl et al. ( 2010 ) found that the neutrino spectrum from
he PNS was likely to result in a proton-rich wind, precluding an
-process altogether. Subsequent work by Roberts, Reddy & Shen 
 2012 ) and Mart ́ınez-Pinedo et al. ( 2012 ) found slightly neutron-
ich conditions when nuclear mean field effects were included. 
ater studies from Pllumbi et al. ( 2015 ) and Xiong, Wu & Qian
 2019 ) included neutrino oscillation effects, again finding that only 
roton-rich or slightly neutron-rich conditions were likely to occur 
n the wind. In short, it seems unlikely that the generally low seed-
ormation entropy can be compensated by an increased neutron 
raction. 

Rather, the most promising avenue for a strong r-process in the 
DW is to invoke a secondary heating effect that takes place in the

eed-forming region of the wind (Qian & Woosley 1996 ). Suzuki &
agataki ( 2005 ) proposed damped Alfv ́en waves as a source for this
eating, finding that waves generated by magnetar-strength magnetic 
elds could deposit sufficient energy in this region to predict a 
trong r-process. Metzger et al. ( 2007 ) also suggested that a small
mount of additional heating from acoustic waves, deposited in the 
eed-forming region, could drive a strong r-process independent of 
agnetorotational effects. More recently, Gossan, Fuller & Roberts 

 2020 ) suggested that gra vito-acoustic wa ves generated by PNS
onvection could have an important effect on the dynamics of the 
DW. Most recently, supernova simulations by Nagakura et al. 

 2020 ) and Nagakura, Burrows & Vartanyan ( 2021 ) indicate that
uch convection is a common and significant feature across a broad 
ange of progenitors, so conv ection-driv en effects in the wind are
ikely to be important in most superno vae. The y find that PNS
onvection is strongest in the first 1–2 seconds post-bounce, then 
radually subsides. Gravito-acoustic wave heating is therefore likely 
o operate in the early stages of the NDW, when it is most likely to be
eutron rich (e.g. Roberts et al. 2012 ). These effects are powered by
he gravitational contraction of the PNS, which provides an energy 
eservoir of some 10 53 erg during contraction and deleptonization 
Gossan et al. 2020 ). Even a small fraction of this binding energy
oupling to the wind via wave emission could have a significant
mpact. 

In light of this, we present here a systematic parameter study of the
ffects of conv ection-driv en gra vito-acoustic wa ves on the dynamics
nd nucleosynthetic behaviour of the NDW. These waves are excited 
y conv ectiv e motions in the PNS as internal gra vity wa ves, which
unnel through the PNS atmosphere and emerge as acoustic waves 
n the NDW itself. As they propagate through the wind, these waves
rovide an additional source of stress, driving a faster outflow. They
an also shock, efficiently depositing their energy into the wind and
cting as a secondary heat source. Our objective in this paper is to
etermine the conditions in which a strong r-process can take place
hen the effects of these waves are included. To this end, we assume a

pherically symmetric and slightly neutron-rich wind and investigate 
he impact of varying the energy contained in the waves reaching the
ind region, as well as the frequency of the waves, which impacts

he radius of shock formation and their subsequent rate of energy
eposition. 
The paper is structured as follows. Section 2 outlines the physics

ehind the generation of these gravito-acoustic waves, and how they 
eposit energy into the wind. Section 3 describes the equations used
o model the wind, and Section 4 describes the computational 
ethod we use for running the simulations. In Section 5 , we present

ur results. Our results show that r-processing will take place in
ignificant regions of the parameter space, for both fiducial and 
xtreme PNS conditions. 

 GRA  VITO-ACOUSTIC  WA  VES  AS  A  

ECOND  AR  Y  HEATING  SOURCE  

hortly after core collapse ( ∼200 ms ), a conv ectiv e re gion dev elops
n the outer mantle of the proto-neutron star (Dessart et al. 2006 ;
ossan et al. 2020 ). Turbulent convection will excite gravito-acoustic 
aves from the interface between the interior conv ectiv e re gion and

n exterior radiative region. Both gra vity wa ve modes and acoustic
odes will be excited, in addition to non-propagating modes, but 

ue to the Mach number dependence of the wave excitation, the
nergy flux will be dominated by waves in the gravity wave branch
Goldreich & Kumar 1990 ). The emitted gravity wave luminosity is
xpected to be 

 g ≈ M con L con ≈ M con L ν, tot , (1) 

here L con and M con denote the conv ectiv e luminosity and Mach
umber, respectively. Furthermore, the conv ectiv e and total neutrino 
uminosities L con and L ν,tot should be approximately equal, as convec- 
ion is expected to be efficient in the PNS mantle and will carry the
ajority of the energy flux. M con is expected to fall between 10 −2 and

0 −1 (Dessart et al. 2006 ; Gossan et al. 2020 ). Some fraction of the
ower emitted in gra vity wa ves may propagate from the conv ectiv e
egion, through the isothermal atmosphere where the waves will 
ass through an e v anescent region, and into the wind where they will
merge as acoustic waves that can impact the dynamics of the NDW.
 schematic of the wave propagation and dissipation in and around

he PNS is shown in Fig. 1 . 
Gra vity wa v es are emitted from this conv ectiv e re gion with

requencies of ω ∼ 10 2 −10 4 rad s −1 (Dessart et al. 2006 ; Gossan
MNRAS 520, 3986–3999 (2023) 
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M

Figure 1. An approximate schematic of gra vito-acoustic wa ve emission 
and propagation inside and near the PNS. Gra vity wa ves (dashed) are 
generated by the conv ectiv e re gion, attenuate in the e v anescent region, and 
re-emerge as acoustic waves (solid) near the surface of the PNS. They then 
propagate outwards through the wind until they form shocks and dissipate. 
The region of possible shock formation and heat deposition o v erlaps with 
the α-forming region. If the waves shock before or during α recombination, 
the additional heating will inhibit seed formation, making a strong r-process 
more likely. 
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t al. 2020 ). During the NDW phase of PNS evolution, the conv ectiv e
e gion is e xpected to be f airly close to the surf ace of the PNS (Pons
t al. 1999 ). The atmosphere of the PNS is nearly isothermal due
o neutrino interactions (e.g. Qian & Woosley 1996 ) that results
n a Brunt–V ̈ais ̈al ̈a frequency, ω BV , that is slowly varying with
adius up to the point at which the wind is launched. Based on
he models described in Section 5.1 and the models of Roberts &
eddy ( 2017 ), ω BV ∼ 5 × 10 4 s −1 . The Lamb frequency in this

egion is ω L ∼ c s /r ∼ 10 3 s −1 . Therefore, the wav es e xcited by
onvection will be e v anescent through the PNS atmosphere and
merge into the acoustic branch as the density rapidly falls off in the
ind region. 
Using the models of the NDW described in Section 5.1 with no

eating and employing the WKB approximation as described in
ossan et al. ( 2020 ), we find that for a Gaussian distribution of fre-
uencies centred at 10 3 s −1 , with a standard deviation of 10 2 s −1 , and
ngular modes ranging from � = 1 to � = 6 (assuming equal power
n each mode), the average transmission efficiency is T avg = 0 . 11.
he transmission efficiency ranges between T avg ∼ 0 . 01 − 0 . 2 for a
ide range of mean wave frequencies. Rather than try to model this
ave transmission in detail, we allow for transmission efficiencies in

his range and take L w ∼ M con T L ν, tot ∼ 10 −5 –10 −2 L ν, tot . Although
he work of Gossan et al. ( 2020 ) considered wave propagation in the
re-e xplosion superno va environment before a NDW had formed,
heir results for the transmission efficiency are similar to this range
f estimates of the transmission efficiency for the post-explosion
hase. We do not track the e v anescent region in our models, but
ather assume the waves have an acoustic character throughout the
ind. 
The total power of net neutrino heating in the wind is only (Qian &
oosley 1996 ) 

Q̇ ν

L ν, tot 
∼ 1 . 5 × 10 −4 L 

2 / 3 
ν̄e , 51 R 

2 / 3 
6 

(
1 . 4M �
M NS 

)
, (2) 
NRAS 520, 3986–3999 (2023) 
ith M NS being the PNS mass, R 6 being the PNS radius in units of
0 6 cm , L ̄νe , 51 being the electron antineutrino luminosity in units of
0 51 erg s −1 , and assuming an average neutrino energy of 12 MeV.
herefore, based on energetic arguments alone it is clear that the
resence of these gravito-acoustic waves is likely to have a significant
mpact on the dynamics of the wind. There are two ways in which
he waves can affect the wind. First, even in the linear regime, the
aves will act as a source of stress in the wind (e.g. Jacques 1977 )

nd accelerate the wind. Secondly, as the waves become non-linear,
hey will shock and dissipate their energy into heat. By changing the
DW dynamics, both of these effects can alter the nucleosynthetic
ields of the wind. A faster outflow reduces the time available for
arbon production to occur and will result in a more alpha-rich
reeze out (Hoffman et al. 1997 ). More heating, if it occurs before
lpha recombination, will increase the entropy of the wind and make
lpha recombination occur at a lower density, also leading to a more
lpha-rich freeze-out. An additional source of heat or kinetic energy
ill also reduce the amount of neutrino capture heating required to
nbind the wind material, which will in turn lower the equilibrium
lectron fraction of the wind. In neutron-rich conditions, all of
hese effects will result in more fa v ourable conditions for r-process 
ucleosynthesis. 

 WIND  MODEL  

o model the neutrino-driven wind, we solve the equations of general
elativistic hydrodynamics in spherical symmetry in steady state. The
ackground metric is assumed to be Schwarzschild sourced by the
ass of the PNS M NS , i.e. we neglect self-gravity. These equations are

hen augmented by a model equation for the evolution of the wave
ction and its coupling to the background flo w, deri ved follo wing
acques ( 1977 ). We seek trans-sonic solutions of the wind equations,
o we place the momentum equation in critical form (Thompson
t al. 2001 ). With these assumptions, the equations of continuity,
omentum conservation, entropy ( s ), lepton number conservation,

nd wave action ( S ) evolution give 

˙
 NS = 4 πr 2 e � W vρ, 

d v 

d r 
= 

v 

r 

f 2 

f 1 
, 

d s 

d r 
= 

ξs 

r 
, 

d Y e 

d r 
= 

ξY e 

r 
, 

d S 

d r 
= −S 

(
2 

r 
+ 

1 

l d 
+ 

1 

v g 

d v g 
d r 

)
, (3) 

here 

f 1 = 

(
1 − v 2 

c 2 s 

)
+ δf 1 , 

f 2 = − 2 

W 
2 

+ 

GM NS 

c 2 s r 

1 − (
c s 
c 

)2 

e 2 � W 
2 

+ 

1 

W 
2 hρc 2 s 

[ 

ξs 

(
∂ P 

∂ s 

)
ρ,Y e 

+ ξY e 

(
∂ P 

∂ Y e 

)
ρ,s 

] 

+ δf 2 , 

ξs = 

r 

v 

q̇ tot 

e � W T 
, 

Y e = 

r 

v 

Ẏ e 

e � W 

. (4) 
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he wave action S is connected to the wave luminosity L w via 

 = 

L w 

4 πr 2 c s ω 

. (5) 

ere, r is the distance of the from the centre of the PNS, and v is
he radial velocity of the wind. The total heating rate per baryon is
˙ tot = q̇ ν + q̇ w , where the first term is due to neutrino heating and
ooling (see Qian & Woosley 1996 ) while the second term is due
o wave damping. Ẏ e is the rate of change in the electron fraction
f the wind due to neutrino reactions (see Qian & Woosley 1996 ).
he wave damping length and frequency are l d and ω ( ̇q w , l d , and
 are discussed in Section 3.2 ). T , c s , ρ, and h denote the local

emperature, sound speed, density , and enthalpy , respectively . W is
he Lorentz factor, and v g = v + c s represents the group velocity of
he waves. G and c represent the gravitational constant and the speed

f light, and e � = 

√ 

1 − 2 GM NS 

rc 2 
. Corrections from the wave stress

re denoted by δf 1 and δf 2 (see Section 3.1 ). Without the wave action
erms, this system is the same as that of Thompson et al. ( 2001 ). We
mploy the equation of state of Timmes & Swesty ( 2000 ), which
ssumes the wind is made up of free protons, neutrons, electrons, 
ositrons, and thermal photons. We search for solutions of these 
quations that pass through the critical or transonic point where f 1 
nd f 2 pass through zero at the the same radius. 

.1 Wave stress 

ven in the absence of damping, waves in a stellar atmosphere still
 x ert a force on the medium through which they move. This effect
s calculated using the wave action, and adds an extra stress to the
omentum equation (e.g. Jacques 1977 ; Suzuki & Nagataki 2005 ). 
or simplicity, we derive these corrections in the non-relativistic 

imit. 
In the absence of wave stress, the non-relativistic momentum 

quation for this system is 

 

∂ v 

∂ r 
= − 1 

ρ

∂ P 

∂ r 
− GM NS 

r 2 
. (6) 

ombining this with the other conservation equations yields the non- 
elativistic critical form equation 

v 2 − c 2 s 

)
d v 

d r 
= 

v 

r 

(
2 c 2 s −

GM NS 

r 

)

− v 

ρ

[ (
∂ P 

∂ s 

)
ρ,Y e 

d s 

d r 
+ 

(
∂ P 

∂ Y e 

)
ρ, s 

d Y e 

d r 

] 

(7) 

rom which we extract the non-relativistic forms of f 1 and f 2 : 

 1 = 1 −
(

v 

c s 

)2 

 2 = 

GM NS 

c 2 s r 
− 2 

+ 

r 

ρc 2 s 

[ (
∂ P 

∂ s 

)
ρ,Y e 

d s 

d r 
+ 

(
∂ P 

∂ Y e 

)
ρ,s 

d Y e 

d r 

] 

. (8) 

The non-relativistic momentum equation including corrections 
rom wave propagation is (Jacques 1977 ) 

v 
d v 

d r 
+ 

d 

d r 
( P + a 1 E ) + 

E 
A 

d A 

d r 
+ ρ

GM NS 

r 2 
= 0 (9) 

here E = 
c s 
v g 

ωS is the energy density of the waves and A = 4 πr 2 .
ombined with the other conservation equations, this yields a revised 
ersion of the critical form equation: [
v 2 − c 2 s + 

a 1 Ev 

ρv g 

(
A ρ

c v 

v 
− 2 

)] d v 

d r 

= 

v 

r 

(
2 c 2 s −

GM NS 

r 

)
− v 

ρ

[ (
∂ P 

∂ s 

)
ρ,Y e 

d s 

d r 
+ 

(
∂ P 

∂ Y e 

)
ρ,s 

d Y e 

d r 

] 

+ 

a 1 Ev 

ρr 

[
−2 A ρ

c v 

v g 
+ X E A s 

c v 

v g 
+ 2 − 2 

a 1 
+ 

r 

l d 

]
, (10) 

ith a 1 = 
1 
2 ( γ + 1), c v = c s − v, X E = 

r 
s 
ξs , A ρ = 

(
∂ ln c s 
∂ ln ρ

)
s 
, and

 s = 

(
∂ ln c s 
∂ ln s 

)
ρ
. In the wave action terms, we have assumed a

onstant adiabatic index γ . Note that all terms from equation ( 7 )
re present, with an additional correction term on each side. This
llows us to define corrections to the original f 1 and f 2 functions in
quation ( 8 ): 

f 1 = 

a 1 E 
ρc 2 s 

(
2 

v 

v g 
− A ρ

c v 

v g 

)

f 2 = −a 1 E 
ρc 2 s 

[(
A s χe − 2 A ρ

) c v 

v g 
+ 2 

(
1 − 1 

a 1 

)
+ 

r 

l d 

]
. (11) 

hese corrections are then applied to the fully relativistic f 1 and f 2 in
quation ( 4 ). 

.2 Wave heating 

coustic waves propagating in the wind can become non-linear and 
hock heat the wind. We model this shock heating via an ef fecti ve
amping length prescription. Wave heating will only begin when 
he waves steepen into shocks and begin to dissipate their energy.

ihalas & Mihalas ( 1984 ) provides an integral expression for the
adial distance at which this takes place: 

1 

4 
( γ + 1) c −1 

s 

∫ r 

0 
u 0 ( r 

′ )d r ′ = 

πc s 

2 ω 

, (12) 

here u 0 = 

√ 

ωS 
ρ

is the amplitude of the velocity perturbation of

he waves and γ is the adiabatic index of the background material.
ere and elsewhere, ω represents the angular frequency (in the lab

rame) of the waves. We then find the condition for shock formation
o be ∫ r 

0 

√ 

ωS 

ρ
d r ′ = 

2 πc 2 s 

ω( γ + 1) 
. (13) 

In the weak shock limit (e.g. Mihalas & Mihalas 1984 ), the energy
ensity of the waves εs evolves as 

 · ( v g εs ) = −m 

π
ωεs , (14) 

here m = ( v/ c s ) 2 − 1 is the reduced Mach number. In a static
omogeneous background, the shock can be modelled as a simple 
a w-tooth wav e, with energy density 

s = 

γP m 
2 

3( γ + 1) 2 
. (15) 

n the weak shock limit, we take εs = S / ω, which allows us to find
n expression for m in terms of local quantities. Combining the wave
ction evolution in equations ( 3 ) and ( 14 ), and assuming a constant
, we find the dissipation length 

 d = 

πγ 2 

γ + 1 

(
c 2 s ε

3 ω 
3 S 

)1 / 2 

, (16) 
MNRAS 520, 3986–3999 (2023) 
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here ε represents the energy density of the wind, excluding rest
ass. Once the condition in equation ( 13 ) is met, the waves will

eposit energy into the wind at a rate 

˙ w = 

L w 

4 πr 2 ρl d 
= 

c s 

ρl d 
ωS. (17) 

.3 Reverse shock 

s the wind expands outwards, it will eventually collide with slow-
oving material behind the primary supernova shock, causing a

everse shock in the wind (Arcones, Janka & Scheck 2007 ). The
adius at which this happens will depend on the dynamics of
he explosion, and we treat it as a free parameter with the value
 × 10 8 cm. The relativistic Rankine-Hugoniot shock conditions
hen determine the conditions of the post-shock wind: 

v 1 ρ1 W 1 = v 2 ρ2 W 2 , 

 
2 
1 h 1 ρ1 v 

2 
1 + P 1 = W 

2 
2 h 2 ρ2 v 

2 
2 + P 2 , 

W 1 h 1 = W 2 h 2 , (18) 

ith all quantities defined as previously, and the subscripts 1 and
 denoting pre- and post-shock conditions respectively. We treat
he post-shock outflow behaviour following Arcones & Thielemann
 2012 ): for the first second post-shock, density is held constant,
ith velocity dropping as r 2 . After the first second, velocity is
eld constant with density dropping as r 2 for the rest of the
utflow. 

 COMPUTATIONAL  METHOD  

n order to circumvent the critical point singularity in equation ( 3 ),
e introduce a dimensionless integration variable ψ such that 

d ln r 

d ψ 

= f 1 , 

d ln v 

d ψ 

= f 2 , 

d ln T 

d ψ 

= 

f 1 r 

T 

[ (
∂ T 

∂ s 

)
ρ

d s 

d r 
+ 

(
∂ T 

∂ ρ

)
s 

d ρ

d r 

] 

, 

d ln Y e 

d ψ 

= f 1 ξY e , 

d ln S 

d ψ 

= −f 1 r 

[
2 

r 
+ 

1 

l d 
+ 

1 

v + c s 

(
d v 

d r 
+ 

d c s 
d r 

)]
, 

d I 

d ψ 

= 

√ 

ωS 

ρ
f 1 r, (19) 

ith f 1 and f 2 defined as previously. We recast the entropy evolution
nto a temperature evolution equation, as our EOS is formulated in
erms of the Helmholtz free energy. The integral in equation ( 13 )

s converted to a similar form, with I = 

∫ r 
0 

√ 

ωS 
ρ

d r ′ . Because our

ystem of equations is relatively stiff, we use an interpolation function
etween an infinite dissipation length (i.e. no shock heating) and the
hysical value in equation ( 16 ) to control the activation of shock
eating in the wind. 
The six differential equations in equation ( 19 ) are integrated with

espect to ψ using a fourth-order SDIRK method (Kennedy &
arpenter 2016 ), with the wind dynamics adjusted at the appro-
riate points for the reverse shock and subsequent outflow. The
tarting radius is set to be the surface of the neutron star (fixed
t r 0 = 1 × 10 6 cm ), and the starting density is set to be the surface
NRAS 520, 3986–3999 (2023) 
ensity of the neutron star (fixed at ρ0 = 1 × 10 12 g/cm 
3 ). We assume

he wind begins in heating-cooling equilibrium, which fixes the
tarting temperature and electron fraction (see Qian & Woosley
996 ). The starting value for the wave action is determined by the
ave luminosity per equation ( 5 ), which we treat as a fraction of
eutrino luminosity and a free parameter. The initial wind velocity
s also treated as a free parameter, and maps directly to the PNS

ass-loss rate Ṁ NS = 4 πr 2 0 W e � v 0 ρ0 . 
In order to find the critical (or transonic) solution of the wind

quations, f 1 and f 2 must pass through zero at the same radius. We
se a shooting method to determine the critical mass-loss rate (i.e.
 0 ) for a given parameter set via a one-dimensional rootfinder. We
ap a given v 0 to the value of max { f 1 , 0 } − max { f 2 , 0 } at the
inimum radius for which f 1 passes through zero, for the profile that

s generated by that specific v 0 . The root of this function is the critical
elocity, for which f 1 and f 2 pass through zero simultaneously. Once
he critical velocity (or mass-loss rate) is found, the full integration is
un to a maximum radius of 10 10 cm. The sensitivity of the evolution
quations makes it numerically impossible to actually generate the
ritical solution, as every solution appears as either a breeze solution
r an unphysical one that returns to the initial radius, even when v 0 
s obtained to machine precision. To circumnavigate this issue, we
ssign f 1 and f 2 to their absolute values for the full integration. This
roduces the correct behaviour to machine precision for the transonic
olution. 

The temperature and density versus time for a Lagrangian observer
re then extracted from the resulting steady state wind profile (and
xtended to late times with a t −3 power law). These profiles are
hen used to perform calculations of nucleosynthesis using the
uclear reaction network code SkyNet (Lippuner & Roberts 2017 ).
he reaction network calculations include strong, weak, symmetric
ssion, and spontaneous fission reactions, with inverse reactions
alculated via detailed balance. 

The input parameters for our models are the PNS mass ( M NS /M � ∈
1.4, 2.1]), the total neutrino luminosity ( L ν ∈ [3 × 10 52 , 1.2 × 10 53 ]
rg s −1 ), and the wave luminosity as a fraction of total neutrino
uminosity ( L w / L ν ∈ [10 −5 , 10 −2 ]). We also examine the impact of
ifferent wave frequencies in the range of 10 2 to 10 4 s −1 . We assume
hat the neutrinos have equal luminosities in all flavours, a zero
hemical potential Fermi–Dirac spectrum, and the average electron
eutrino energy is fixed at 12 MeV as measured at the surface of the
NS. The average electron antineutrino energy is chosen such that

he equilibrium electron fraction of the wind, Y e , eq = λνe / ( λνe + λν̄e ),
akes a target value (see Qian & Woosley 1996 ), where λνe and λν̄e are
he electron neutrino and antineutrino capture rates, respectively. We
rimarily consider Y e,eq = 0.48, unless otherwise noted. Relativistic
orrections are included in the neutrino capture rates as in Thompson
t al. ( 2001 ). 

 RESULTS  

.1 Models without wave heating 

n the absence of wave contributions (i.e. L w = 0), we find general
greement with prior work regarding the hydrodynamic structure of
he wind (e.g. Thompson et al. 2001 ; Wanajo 2013 ). These models
erve as a baseline for comparison with the wave heating models
hown in subsequent sections. Fig. 2 shows a set of radial entropy
rofiles for varied PNS masses with a fixed neutrino luminosity
f 6 × 10 51 erg s −1 . Increased PNS mass leads to o v erall higher
ntropies throughout the wind (Qian & Woosley 1996 ), which de-
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Figure 2. Entropy versus radius for PNSs of varying mass, with a fixed total 
neutrino luminosity of 6 × 10 51 erg s −1 , and L w = 0. We find comparable 
behaviour to Wanajo ( 2013 ). The approximate beginning of seed formation 
for each model is marked with a square. 

Figure 3. Final abundances in the absence of wave effects (i.e. L w = 0), with 
L ν = 6 × 10 51 erg s −1 and PNS masses ranging from 1.4–2.1 M �. We find 
that no r-processing takes place for proto-neutron stars of reasonable masses 
with Y e,eq = 0.48, when wave effects are excluded. 
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similar to the r/ ̇r used by Hoffman et al. ( 1997 ). 
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reases the efficiency of seed formation and brings conditions closer 
o those required for an r-process. The included general relativistic 
orrections to the wind equations increase the entropy as expected 
Cardall & Fuller 1997 ; Thompson et al. 2001 ). Nucleosynthesis 
esults for these NDW profiles assuming Y e,eq = 0.48 are shown 
n Fig. 3 . For these models without gravito-acoustic wave heating, 
he electron fraction at T = 0 . 5 MeV is nearly equal to the chosen
 e,eq . In contrast to Wanajo ( 2013 ), we find that even for the
ighest neutron star masses, no r-processing takes place in these 
inds. 
.2 The Impact of gravito-acoustic waves on the NDW 

.2.1 Wind dynamics 

e now consider the impact of gravito-acoustic waves on the 
ynamics of the NDW. As is described abo v e, the presence of these
aves in the wind can accelerate the NDW by purely mechanical 

ffects and can deposit heat in the wind once the waves shock. Since
 w should scale with L ν (see Section 2 ), we present our results in

erms of the ratio L w / L ν . In Fig. 4 , properties of steady state NDW
odels with L ν = 3 × 10 52 erg s −1 , Y e,eq = 0.48, M NS = 1 . 5 M �,
 = 2 × 10 3 rad s −1 , and varied L w / L ν are shown. Results for M NS =
 . 9 M � are qualitatively similar, albeit with higher final entropies.
eed formation begins approximately when the temperature in the 
ind drops to T = 0.5 MeV (Qian & Woosley 1996 ), which is marked

n figures with a square. Clearly, abo v e L w / L ν ≈ 10 −5 , the inclusion
f wave effects has a significant impact on the dynamics of the wind.
lthough L w in these models is a relatively small fraction of the

otal neutrino luminosity, it is a large fraction of the neutrino energy
hat couples to the wind, Q̇ ν (see equation 2 ). At small radii, before
he waves shock, they accelerate the NDW but do not provide any
eating. This results in increasing velocities with L w / L ν , and therefore
ower densities at a given radius by the relation Ṁ NS = 4 πr 2 e � W ρv.
dditionally, since the acceleration of the wind is no longer provided

olely by neutrino heating, the amount of neutrino heating that 
ccurs is lowered, which results in both lower entropies before the
ave-heating acti v ation radius, and in lo wer electron fractions at

ll points in the wind. As the wave contribution increases, fewer
eutrino captures are required to unbind material from the potential 
ell of the PNS and the NDW is accelerated to higher velocities

t smaller radii. Both of these effects work to reduce the number
f weak interactions in the wind and prevent the electron fraction
n the wind from reaching Y e,eq , which results in more neutron-rich
onditions at the beginning of nucleosynthesis. The changes in Y e 
egin prior to the waves forming weak shocks, indicating that the
ave stress, rather than shock heating, is the primary contributor. 
hese effects will therefore be present regardless of any uncertainty 

n the shock heating mechanism. We observe a spike in Y e at small
adii due to electron–positron capture when de generac y is lifted at
igh temperatures. The electron fraction then relaxes towards Y e,eq , 
ut may not reach it due to the wave contributions. 

Subsequent to the waves shocking, the entropy rapidly increases 
n all models. Shock formation occurs at temperatures between 2 and
0 GK depending on L w / L ν (and ω, see Fig. 5 ). The extra entropy
roduction provided by q̇ w is large compared to neutrino heating 
ecause of the low temperatures at which it occurs compared to
he temperatures where the bulk of the neutrino heating takes place
 ∼ 30 GK in our simulations). For the largest L w / L ν , the entropy can
each asymptotic values of 300, which is quite large compared to
ven the largest entropies found for models that do not experience 
ave heating (see Section 5.1 ). Nevertheless, a significant amount 
f the entropy production occurs during or after the temperatures 
 v er which seed nuclei for the r-process are produced ( ∼2–8 GK).
herefore, estimating the likelihood of r-process nucleosynthesis 

rom the often used metric s 3 / τ d (see Hoffman et al. 1997 ) is difficult
s s is no longer nearly constant while seed production occurs.
efore the shock formation radius, the waves reduce both s and
d . 1 This can hinder or abet an alpha-rich freeze-out depending on

he relative strength of these two effects. After shock formation, 
MNRAS 520, 3986–3999 (2023) 
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M

Figure 4. Radial profiles of the velocity , density , temperature, and entropy in the NDW. Different lines correspond to different L w . Other parameters in the wind 
models were fixed to M NS = 1 . 5 M �, L ν = 3 × 10 52 erg s −1 , and ω = 2 × 10 3 rad s −1 . The beginning of seed formation for each model is marked a square. 
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 is increased relative to the L w = 0 case, but potentially at
emperatures that are too low to impact the alpha-richness of the
DW. Therefore, to better understand the impact of gravito-acoustic
ave heating on the wind, detailed nucleosynthesis calculations are

equired. 
The radius at which the waves shock and the rate at which

hey damp will depend on their frequency content, with the shock
ormation radius approximately scaling as ω 

−1 (see equation 13 ) and
he damping length l d ∝ ω 

−1 for a fixed L w . Therefore, larger wave
requencies will result in wave heating impacting the thermodynamic
onditions of the NDW at smaller radii and higher temperatures. In
ig. 5 , we sho w the impact of v arying ω on the entropy of the wind.
learly, larger ω results in a higher entropy at higher temperature,
hich is potentially more fa v ourable for an alpha-rich freeze-out.
he limiting case ( ω → ∞ ) corresponds to instantaneous shock

ormation in the wind, but also implies a damping length that goes
o zero. Nevertheless, we also show a case with fixed ω in l d but
ssuming instantaneous shock formation, as this has been assumed
n previous work looking at secondary heating mechanisms in the
DW (Suzuki & Nagataki 2005 ; Metzger et al. 2007 ). It is not clear
hat shock formation radii are fa v oured, given the uncertainty in the

ange of frequencies excited by PNS convection and the approximate
ature of equation ( 13 ). 
NRAS 520, 3986–3999 (2023) 
.2.2 Nucleosynthesis 

e now present nucleosynthesis calculations based on the steady-
tate, gra vito-acoustic wa ve-heated NDW models described in the
revious section. Throughout, we assume Y e,eq = 0.48 (unless
therwise noted), given that models of neutrino emission from PNSs
uggest the NDW will at most be marginally neutron rich. Note
hat for larger L w / L ν the actual value of Y e at the beginning of
ucleosynthesis can substantially differ from Y e,eq (see Fig. 4 ). 
First, we consider the impact of varying L w / L ν for a fixed ω =

 × 10 3 rad s −1 . The final abundances for NDW models with M NS =
.5 M � and L ν = 3 × 10 52 erg s −1 are shown in Fig. 6 . These
orrespond to the NDW models shown in Fig. 4 . In the absence
f wave heating, this parameter set only undergoes an α-process
hat terminates with a peak around mass 90 (Woosley & Hoffman
992 ) and is far from the conditions necessary for producing the
hird r-process peak. Increasing L w , we find that the peak of the
b undance distrib ution increases in mass until L w / L ν ≈ 10 −4 . Further
ncrease of L w from this point briefly reduces the mass of the peak
f the abundance distribution, but abo v e L w / L ν ≈ 10 −3 a strong r-
rocess emerges. The final abundances for NDW models with M NS =
.9 M � and L ν = 6 × 10 52 are shown in Fig. 7 . Between L w / L ν =
0 −5 and L w / L ν = 10 −4 , these models produce both the second and

art/stad372_f4.eps
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Figure 5. Early entropy profiles for a 1.5 M � neutron star with L ν = 

3 × 10 52 erg s −1 and L w = 10 −3 L ν with varied wave frequencies. For higher 
frequencies, the shock heating begins to increase the entropy in the wind 
earlier and has a larger impact where seed nuclei are formed. The impact 
of the shock prescription is illustrated by the black line, which shows the 
evolution of the entropy if the waves (with ω = 2 × 10 3 rad s −1 ) shock 
immediately instead of when equation ( 13 ) dictates. 

Figure 6. Final nucleosynthesis results, using temperature and density 
profiles for a 1.5 M � neutron star, with L ν = 3 × 10 52 erg s −1 and using 
a wave frequency of 2 × 10 3 rad s −1 . A clear peak around mass 200 is 
indicative of a strong r-process taking place. 
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Figure 7. Final nucleosynthesis results, using temperature and density 
profiles for a 1.9 M � neutron star, with L ν = 6 × 10 52 erg s −1 and using 
a wave frequency of 2 × 10 3 rad s −1 . A clear peak around mass 200 is 
indicative of a strong r-process taking place. 

Figure 8. Comparison of the total, summed final abundances of all nuclides 
with mass A ≥ 150 (representative of the strength of any r-process taking 
place) with the quantity s 3 /Y 3 e τd e v aluated when seed formation begins. The 
relationship between s 3 /Y 3 e τd and Y H is necessarily approximate due to the 
presence of wave heating during seed formation. The relationship found in 
Hoffman et al. ( 1997 ) was derived under the assumption of constant entropy, 
which is not generally true in our models. Nevertheless, we still observe 
a strong correlation between the two quantities, which helps to provide a 
qualitativ e e xplanation for the variation in heavy element nucleosynthesis 
near L w / L ν = 10 −3 . These results are for the same parameters as those in 
Fig. 7 , with a finer grid in L w / L ν . 
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hird r -process peaks, b ut between L w / L ν ≈ 10 −4 and L w / L ν ≈ 10 −3 

roduction of the third peak is again cut-off and the peak of the
b undance distrib ution is pushed down to lower mass. As L w / L ν is
ncreased abo v e 10 −3 , a strong r-process re-emerges. 

For both sets of parameters, we find the interesting behaviour that 
-process nucleosynthesis is inhibited for L w / L ν in the approximate 
ange of 10 −4 –10 −3 . This turno v er in the maximum mass number
s due to the competition between the decreasing dynamical time- 
cale ( τ d ) with L w , which inhibits seed formation, and the decreasing
ntropy ( s ) with L w , which facilitates seed production by increasing
he density at which alpha recombination occurs (Hoffman et al. 
997 ). Fig. 8 illustrates the correlation between the quantity s 3 /Y 

3 
e τd 

nd the total abundance abo v e mass 150. Despite entropy no longer
eing constant during seed formation, we do observe a fairly strong
orrelation between r-process strength and this quantity. We find 
hat as the wave luminosity is increased, τ d decreases slightly faster 
MNRAS 520, 3986–3999 (2023) 
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M

Figure 9. Final abundances for the NDW profiles shown in Fig. 5 . For 
high frequencies, the shock heating begins early enough to drive a strong 
r-process even for a 1.5M � neutron star. Instantaneous shock formation is 
illustrated by the black dashed line, showing the final abundances for a wind 
that immediately experiences shock heating from waves with ω = 2 × 10 3 

rad s −1 . 
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Figure 10. Final abundances using the same parameters as in Fig. 6 , but 
assuming that shock heating begins instantaneously in the wind. We see that 
a strong r-process takes place even for moderate L w . 

Figure 11. Final abundances using the same parameters as in Fig. 7 , but 
with antineutrino energies tuned to Y e,eq = 0.52. We see r-processing regimes 
appear, despite a neutrino spectrum that would otherwise have precluded 
r-processing entirely. 
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han the entropy, but eventually asymptotes to a minimum value of a
ew times 10 −4 s. The entropy continues to steadily decrease, which
reates the trough in s 3 /Y 

3 
e τd as a function of L w and gives rise to the

indow of inhibited r-processing we observe around L w / L ν = 10 −3 .
t higher L w , shock heating begins prior to alpha recombination,
rastically increasing the entropy. This, coupled with the reduced
lectron fraction at high L w , reinvigorates a strong r-process. 

Secondly, we consider the impact of varying ω on gravito-acoustic
DW nucleosynthesis. As was noted abo v e, increasing ω results in

n earlier acti v ation of shock heating. In Fig. 9 , we sho w the final
bundances for M NS = 1 . 5 M �, L ν = 3 × 10 52 erg s −1 , and L w / L ν =
0 −3 . For ω < 10 4 s −1 , the nucleosynthesis is similar to the models
ith L w / L ν ≈ 10 −3 that efficiently form seed nuclei, as discussed

n the preceding paragraphs. Comparing to Fig. 5 , shock heating
egins only after the beginning of seed formation and therefore
he resulting increase in entropy only has a limited impact on
he nucleosynthesis. On the other hand, for the largest frequency
onsidered ( ω = 10 4 rad s −1 ), a full r-process pattern extending
hrough the third peak is produced. Here, the wave heating due to
eak shocks begins before the start of seed formation. Therefore,

he substantial increase in the entropy inhibits seed formation,
nd leaves a large neutron-to-seed ratio when alpha capture ends.
his is mainly driven by the impact of ω on the shock heating
cti v ation radius, and less so by the variation in l d with ω. This
s illustrated by the model shown in Fig. 9 that assumes ω =
 × 10 3 rad s −1 but an instantaneous acti v ation of shock heating. This
esults in nucleosynthesis that is very similar to the ω = 10 4 rad s −1 

odel. 
Therefore, as a limiting case given the uncertainty in the shock ac-

i v ation radius and to compare to previous work (Suzuki & Nagataki
005 ; Metzger et al. 2007 ), we show in Fig. 10 final abundances
or varied L w / L ν for ω = 2 × 10 3 rad s −1 , M NS = 1.5 M �, L ν =
 × 10 52 erg s −1 , but with instantaneous acti v ation of the shock
eating. The results are noticeably different than those shown in
NRAS 520, 3986–3999 (2023) 
ig. 6 , which shows models with the same parameters but without
nstantaneous shock heating. For instantaneous acti v ation, the av-
rage mass of the abundance distribution increases monotonically
ith L w / L ν and for even moderate wave luminosities is able to
roduce a full r-process. This illustrates that uncertainty in the
hock formation radius translates into significant uncertainty in the
redicted nucleosynthesis for gravito-acoustic NDWs. 
To illustrate the important impact of the reduced electron fraction

rom the wa ve contrib utions, we show in Fig. 11 abundance distri-
utions from a wind with M NS = 1.9 M �, L ν = 6 × 10 52 , and
 e,eq = 0.52. In the absence of wave effects, the neutrino spectrum
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Figure 12. A measure of r-process strength across our parameter space, using a wave frequency of 2 × 10 3 rad s −1 and Y e,eq = 0.48, and using the shock 
heating prescription from equation ( 13 ). Two regimes of r-process production emerge: a region of high wave and neutrino luminosities across all masses, 
driven by shock heating; and a region of moderate wave and neutrino luminosities driven by the wave stress, which becomes significant at larger neutron 
star masses. 
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sed here should preclude any r-processing whatsoever. The wind 
ould undergo an alpha-rich freeze-out, leaving only free protons 

o capture on to seed nuclei. Ho we v er, with wav e effects included,
e find similar r-processing regimes to those obtained with neutrino 
nergies tuned to Y e = 0.48. In the wave stress regime, with 5 × 10 −4 

 L w / L ν � 5 × 10 −3 , the change in Y e is not large enough to
ake the wind neutron rich, but the faster outflow caused by the
av e stress prev ents an α-rich freeze-out from occurring. R-process
MNRAS 520, 3986–3999 (2023) 
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M

Figure 13. A measure of r-process strength across our parameter space, using identical parameters as Fig. 12 but with Y e fixed at 0.48. The same two r-processing 
regimes emerge, but the wave stress regime is pushed to higher masses and neutrino luminosities by the lowered neutron abundance. 
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lements are then synthesized from the free neutrons in the wind,
espite the wind being o v erall proton-rich. This giv es rise to the
uppressed, actinide-free r-process patterns in Fig. 11 . In between
he r-processing regimes, we again find a region where the combined
ntropy and dynamical time-scale in the wind fa v our strong seed
ormation and thus no r-processing, regardless of Y e or the presence
f an α-rich freeze-out. At high L w , the wind becomes neutron-rich
NRAS 520, 3986–3999 (2023) 
gain, and early wave heating suppresses seed formation and drives
he same strong r-processing as in Fig. 7 . 

.2.3 Nucleosynthesis in the L w –L ν–M NS parameter space 

n Fig. 12 , we show the total final abundance of nuclei with mass
umber A ≥ 150 as a function of L ν and L w / L ν for a variety of
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Figure 14. A measure of r-process strength across our parameter space, using a wave frequency of 2 × 10 3 rad s −1 and Y e,eq = 0.48, and assuming the waves 
immediately shock and begin to deposit heat into the wind. We see that for higher, but still quite reasonable wave luminosities, r-processing takes place nearly 
independent of PNS mass and neutrino luminosity. The r-processing parameter space broadens to very low wave luminosities at higher masses as the wave stress 
becomes significant. 
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NS masses. Here, we have used Y e,eq = 0.48, ω = 2 × 10 3 rad s −1 ,
nd assumed the shock formation radius is given by equation ( 13 ).
e find the abundance of nuclei with A ≥ 150 to be an ef fecti ve

roxy for the strength of the r-process in the wind (see e.g. Fig. 7 ).
wo r-processing regimes appear. For the highest neutrino and wave 
uminosities, shock heating begins early enough in the wind to drive
 strong r-process. This shock heating regime is fairly insensitive 
o PNS mass but very dependent on wave frequency, which sets
ow early shock heating can begin in the wind. The second r-
rocessing re gime, driv en by acceleration due to the wave stress,
MNRAS 520, 3986–3999 (2023) 
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s strongly dependent on mass but insensitive to wave frequency.
e see this regime emerge at a PNS mass of around 1.8 M �, and

row to dominate the parameter space for the most massive neutron
tars. The non-monotonic dependence of the average mass number
f the final abundances is also visible here. At higher masses, the
ave stress contribution is able to drive strong r-processes even

or very low neutrino and wave luminosities, where shock heating
egins too late to strongly affect the nucleosynthesis. We have also
un similar calculations with Y e,eq = 0.45. These show qualitatively
imilar behaviour to the results shown in Fig. 12 , except that the
nset of wave stress-driven r-process nucleosynthesis is shifted to
ower PNS mass. 

In order to quantify the impact of the reduced electron fraction
ue to the wave stress contribution, we show in Fig. 13 the same
arameter set as in Fig. 12 , but with Y e fixed to a constant value of
.48. We find that including a self-consistent Y e evolution results in
 noticeable broadening of the region in L ν–L ν / L w space where the r-
rocess occurs, especially the wave stress-dominated regime at lower
 w and L ν . This is perhaps to be expected, as the change in Y e is driven
rimarily by the wave stress reducing the amount of neutrino heating
eeded to unbind the wind material. We also observe generally higher
ields of r-process material when Y e evolution is included, due to the
igher number of free neutrons available. 
Finally, in Fig. 14 , we show the impact of instantaneous shock

ormation on nucleosynthesis across the entire parameter space
once again with Y e,eq = 0.48 and ω = 2 × 10 3 rad s −1 , and self-
onsistently evolving Y e ). In this case, we find third peak r-process
roduction for nearly all considered neutrino luminosities and PNS
asses when L w / L ν � 2 × 10 −4 . Although the acceleration of

he wind due to the wave stress plays a role in determining the
ucleosynthesis in these models, the impact of the waves is mainly
riven by the shock heating that they provide. 

 CONCLUSIONS  

e hav e inv estigated the impact of gravito-acoustic waves launched
y PNS convection on the dynamics and nucleosynthesis of the
eutrino-driven wind. When these waves propagate through the
DW, they impose additional stresses on the wind and also may

hock and provide an extra source of heating. Using steady-state,
pherically symmetric models for the wind that include the impact
f an acoustic wave energy flux, we surveyed the parameter space of
he gravito-acoustic wave luminosity and frequency that is expected
o be produced by PNS convection. The presence of shock heating
n the wind precludes reliance upon the common predictive metric
 
3 / τ d , as entropy is no longer nearly constant during seed formation.
herefore, using the results of our hydrodynamic models, we

hen performed calculations of nucleosynthesis for the marginally
eutron-rich compositions that may be encountered in some NDWs.
For L w � 10 −5 L ν , the waves strongly impact the dynamics of

he wind via two mechanisms, acceleration due to wave stresses
nd entropy production via wave shock heating. Acceleration of the
DW by wave stresses reduces the dynamical time-scale, but also

educes the entropy and electron fraction of the wind since a faster
ind has less opportunity to undergo neutrino heating. Depending
n L w / L ν , this competition between reduced dynamical time-scale
nd reduced entropy can make conditions more or less fa v ourable
or strong r-process nucleosynthesis. 

Similarly to previous work (Suzuki & Nagataki 2005 ; Metzger
t al. 2007 ), we find that if the wave energy is deposited (in our
ase through shock heating) before r-process seed nucleus formation
egins, the entropy of the wind at seed formation is substantially
NRAS 520, 3986–3999 (2023) 
ncreased. This in turn results in an alpha-rich freeze out and more
a v ourable conditions for producing nuclei in the third r-process
eak. Here, we found that the exact position of shock formation has
 strong impact on the final nucleosynthesis. If wave shock heating
egins before a temperature of around 7 GK , the final nucleosynthesis
s strongly impacted and even NDWs with modest wave luminosities
nd fiducial PNS masses can produce a solar-like r-process pattern. If
ave shock heating begins below this temperature range, its impacts
n nucleosynthesis are muted. For gravito-acoustic waves, the radius
f shock formation depends on their frequency, so higher frequency
 aves are lik ely to have a larger impact on nucleosynthesis. For
igher PNS masses, wave stress contributions can still drive a
trong r-process even if shock heating begins too late to affect seed
ormation. 

At high wave luminosities ( L w ≥ 10 −3 ), the electron fraction can
lso be reduced by up to almost 10 per cent as a result of gravito-
coustic wave acceleration of the NDW. This wave-induced reduction
n Y e broadens the regions of L w –L ν parameter space over which the
-process occurs and can even cause an r-process to be produced (if
onditions are otherwise fa v ourable) in winds with neutrino spectra
redicted to result in proton-richness. 
The models we have considered are necessarily approximate,

iven the substantial uncertainties about the properties of long-
erm PNS convection and wave propagation in these environments.
ev ertheless, the y suggest that gra vito-acoustic wa ves may ha ve
 significant impact on NDW nucleosynthesis, especially at early
imes when PNS convection is strongest. As advanced, long-term
D simulations of core-collapse supernovae become available, our
esults indicate the importance of resolving and examining the impact
f PNS convection on wave excitation and possible NDW dynamics.
f course, the production of the r-process requires the NDW to be at

east marginally neutron rich, which recent models suggest may or
ay not be the case. As a result, we intend to examine the impact of

he wave effects discussed here in the context of a proton-rich wind
n a subsequent paper. 

CKNOWLEDGEMENTS  

N thanks Edward Brown for helpful discussions during this
ork. BN acknowledges support from a University Distinguished
ellowship and from the College of Natural Sciences at Michigan
tate University. We thank Brian Metzger for useful comments. LR

hanks Stan Woosley for useful discussions during the early stages
f this work. This work was supported in part through computational
esources and services provided by the Institute for Cyber-Enabled
esearch at Michigan State University. This work has been assigned
 document release number LA-UR-22-33189. 

ATA  AVAILABILITY  

he simulation code and results used in this work are available upon
easonable request to the authors. The SkyNet reaction network used
s open-source software publicly available at https:// bitbucket.org/ jl
ppuner/skynet. 

EFERENCES  

rcones A., Thielemann F.-K., 2012, J. Phys. G Nucl. Part. Phys. , 40, 013201
rcones A., Janka H. T., Scheck L., 2007, A&A , 467, 1227 
urrows A., Vartanyan D., 2021, Nature , 589, 29 
ardall C. Y., Fuller G. M., 1997, ApJ , 486, L111 

https://bitbucket.org/jlippuner/skynet
http://dx.doi.org/10.1088/0954-3899/40/1/013201
http://dx.doi.org/10.1051/0004-6361:20066983
http://dx.doi.org/10.1038/s41586-020-03059-w
http://dx.doi.org/10.1086/310838


PNS convection and NDW r-processing 3999 

D  

D
D
F

G
G
H
H  

J
K

L
M  

M
M  

M

N  

N
O
P  

P  

Q
R  

R
S
T
T
T
V
W
W
W
W  

X

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras
esai D. K., Siegel D. M., Metzger B. D., 2022, Three-Dimensional General-
Relativistic Simulations of Neutrino-Driven Winds from Rotating Proto- 
Neutron Stars 

essart L., Burrows A., Livne E., Ott C. D., 2006, ApJ , 645, 534 
uncan R. C., Shapiro S. L., Wasserman I., 1986, ApJ , 309, 141 
ischer T., Whitehouse S. C., Mezzacappa A., Thielemann F.-K., 

Liebend ̈orfer M., 2010, A&A , 517, A80 
oldreich P., Kumar P., 1990, ApJ , 363, 694 
ossan S. E., Fuller J., Roberts L. F., 2020, MNRAS , 491, 5376 
offman R. D., Woosley S. E., Qian Y.-Z., 1997, ApJ , 482, 951 
 ̈udepohl L., M ̈uller B., Janka H.-T., Marek A., Raffelt G. G., 2010, Phys.

Rev. Lett. , 104, 251101 
acques S. A., 1977, ApJ , 215, 942 
ennedy C., Carpenter M., 2016, Technical Report, Diagonally Implicit 

Runge-Kutta Methods for Ordinary Differential Equations. A Review 

ippuner J., Roberts L. F., 2017, ApJS , 233, 18 
art ́ınez-Pinedo G., Fischer T., Lohs A., Huther L., 2012, Phys. Rev. Lett. ,

109 
etzger B. D., Thompson T. A., Quataert E., 2007, ApJ , 659, 561 
eyer B. S., Mathews G. J., Howard W. M., Woosley S. E., Hoffman R. D.,

1992, ApJ , 399, 656 
ihalas D., Mihalas B. W., 1984, Foundations of Radiation Hydrodynamics. 

Oxford Univ. Press, New York, NY 

agakura H., Burrows A., Radice D., Vartanyan D., 2020, MNRAS , 492,
5764 
agakura H., Burrows A., Vartanyan D., 2021, MNRAS , 506, 1462 
tsuki K., Tagoshi H., Kajino T., ya Wanajo S., 2000, ApJ , 533, 424 
llumbi E., Tamborra I., Wanajo S., Janka H.-T., H ̈udepohl L., 2015, ApJ ,

808, 188 
ons J. A., Reddy S., Prakash M., Lattimer J. M., Miralles J. A., 1999, ApJ ,

513, 780 
ian Y., Woosley S. E., 1996, ApJ , 471, 331 
oberts L. F., Reddy S., 2017, in Alsabti A. W., Murdin P.eds, Handbook of

Supernovae. Springer Cham, New York, NY, p. 1605 
oberts L. F., Reddy S., Shen G., 2012, Phys. Rev. C , 86, 065803 
uzuki T. K., Nagataki S., 2005, ApJ , 628, 914 
hompson T. A., ud Doula A., 2018, MNRAS , 476, 5502 
hompson T. A., Burrows A., Meyer B. S., 2001, ApJ , 562, 887 
immes F. X., Swesty F. D., 2000, ApJS , 126, 501 
lasov A. D., Metzger B. D., Thompson T. A., 2014, MNRAS , 444, 3537 
anajo S., 2013, ApJ , 770, L22 
itti J., Janka H. T., Takahashi K., 1994, A&A, 286, 841 
oosley S. E., Hoffman R. D., 1992, ApJ , 395, 202 
oosley S. E., Wilson J. R., Mathews G. J., Hoffman R. D., Meyer B. S.,

1994, ApJ , 433, 229 
iong Z., Wu M.-R., Qian Y.-Z., 2019, ApJ , 880, 81 

his paper has been typeset from a T E 
X/L A T E 

X file prepared by the author. 
MNRAS 520, 3986–3999 (2023) 

/article/520/3/3986/7024880 by M
ichigan State U

niversity Library user on 25 Septem
ber 2023

http://dx.doi.org/10.48550/ARXIV.2203.16560
http://dx.doi.org/10.1086/504068
http://dx.doi.org/10.1086/164587
http://dx.doi.org/10.1051/0004-6361/200913106
http://dx.doi.org/10.1086/169376
http://dx.doi.org/10.1093/mnras/stz3243
http://dx.doi.org/10.1086/304181
http://dx.doi.org/10.1103/PhysRevLett.104.25110120867357
http://dx.doi.org/10.1086/155430
http://dx.doi.org/10.3847/1538-4365/aa94cb
http://dx.doi.org/10.1103/physrevlett.109.251104
http://dx.doi.org/10.1086/512059
http://dx.doi.org/10.1086/171957
http://dx.doi.org/10.1093/mnras/staa261
http://dx.doi.org/10.1093/mnras/stab1785
http://dx.doi.org/10.1086/308632
http://dx.doi.org/10.1088/0004-637x/808/2/188
http://dx.doi.org/10.1086/306889
http://dx.doi.org/10.1086/177973
http://dx.doi.org/10.1103/physrevc.86.065803
http://dx.doi.org/10.1086/430847
http://dx.doi.org/10.1093/mnras/sty480
http://dx.doi.org/10.1086/323861
http://dx.doi.org/10.1086/313304
http://dx.doi.org/10.1093/mnras/stu1667
http://dx.doi.org/10.1088/2041-8205/770/2/L22
http://dx.doi.org/10.1086/171644
http://dx.doi.org/10.1086/174638
http://dx.doi.org/10.3847/1538-4357/ab2870

	1 INTRODUCTION
	2 GRAVITO-ACOUSTIC WAVES AS A SECONDARY HEATING SOURCE
	3 WIND MODEL
	4 COMPUTATIONAL METHOD
	5 RESULTS
	6 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

