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ABSTRACT

After the initiation of the explosion of core-collapse sup®/ae, neutrinos emitted from the nascent neutron stee drisupersonic
baryonic outflow. This neutrino-driven wind interacts witte more slowly moving, earlier supernova ejecta formingradwermi-
nation shock (or reverse shock), which changes the local wimditions and their evolution. Important nucleosynih@socesses
(alpha-process, charged-particle reactions, r-proe@sb;p-process) occur or might occur in this environment. Thdeugynthesis
depends on the long-time evolution of density, temperatue expansion velocity. Here we present two-dimensioydiddynamical
simulations with an approximate description of neutriremsport &ects, which for the first time, follow the post-bounce adoret
onset of the explosion, wind formation, and the wind expamsrough the collision with the preceding supernova ajgour results
demonstrate a great impact of the anisotropic ejecta bligtoin on the position of the reverse shock, wind profile, bmm-time
evolution and show a bigfiect of multidimensional features on nucleosynthesisvegleconditions.
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1. Introduction for a review of r-process sites and physics). However, the

S " . tant astrophvsical sitedor conditions for successful r-processing found by Wooslead et
upernova outfiows are an important astropnysical site S(1994) could neither be confirmed by other simulations at tha

eral nucle_osynthesis processes. A variety of is_otopes seentine (Witti et al.,| 1994 Takahashi etlal., 1994), nor by more
be exclusively produced there and contribute in a charaCtgl ont ones (e.gl, Arcones et dl.. 2007 Fischerletal..)2009
istic way to the enrichment of the interstellar medium, frorIf%oberts etal. (20:[0) explain the numerical problems theat ar
which old halo_ stars an_d later our Solar System have fO”mffb'::illy produced suitable conditions for the productiorhetivy
Therefore, their fingerprint can be observed (€.g...Snetigh.e | io\y elements|(Hman etal.| 1997) in the simulations of
2008). Studying the long-time evolution of core-collapspes- o osjey et 4. (1994). Because of the lack of the appropriate
novae is a challenging problem because the explosion MeChgAditions in more recent neutrino-driven wind simulasipef-
nism is not yet fully understood (Janka et al., 2007) and @€ ¢, o continue to find possible missing physical ingrecsein

.Of the h'gh computatmnal_demands_for simulating such adynaArcones et al..(2007), hereafter Paper I, we studied in ki

|catl enwroEment. I?gu time re:qu_wer?(i_nts becorgl_e edv\?vr.&hm(g\‘?olution of the neutrino-driven wind and its interactiofthw

ex retme wten n:u ' |metnS|ona simu adl(tm? (ilom '[If:]e the earlier supernova ejecta forfférent stellar progenitors and
cyrate Peu fino ranspodr alre ?rl{l_ppose 0 OtOY(V %smp{arn neytrino luminosities. This interaction results in a wiredni-
€jecta for many seconds. In this paper, we lake advantage,gtioy shock (or reverse shock), which changes the evalutio
an approximate and computationalljieient neutrino transport ¢ jeosynthesis-relevant conditions: density, terapee, ex-
treatment (Scheck e él., 2006) to present the first restitteos pansion velocity (see Paper I). However, integrated nsgieo
dimensional simulations of core-collapse supermnovaetthek g5 hased on those simulatiohs (Arcones & Morites. |2010)

the outflow evolution for up to three seconds. show that no heavy r-process elements can be produced.
Simultaneously with the onset of the core-collapse super-

nova explosion, the proto-neutron star forms and cools birem  First systematic studies of neutrino-driven winds wereeblas
ting neutrinos/(Pons etlal., 1999), which deposit energynn tON solving stationary wind equations (see e.g., Qian & Weyys|
surface-near layers of the proto-neutron star. Since tme dd996;Otsukiet all, 2000; Thompson etial., 2001). Theselgtea
sity and temperature gradients are rather steep, the neutristate models could not consistently account for the reverse
heated matter is accelerated quickly and even reaches-supBPck, which is a hydrodynamical feature found in several
sonic velocities[(Duncan etlal., 1986). After first promisire- Simulations (e.g!, Janka & Muller, 1995; Janka & Mulle®9b;
sults of\ Woosley et all (1994), neutrino-driven winds haeerb Burrows etal., 1995; Buras etial., 2006; Arcones et al., 2007
investigated intensely as a site where heavy elements tmuldFischer et al., 2009). The impact of the reverse shock on-the r

produced via rapid neutron capture ($ee Arnould ef al., |]20®rocess has been investigated by means of parametricystead
state models of subsonic “breeze” solutions combined with a

Send offprint requests to: A. Arcones outer boundary at constant pressure (Sumiyoshiet al.,|;2000
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temperature (e.g., Wanajo et al., 2002; Wanajo, 2007), or twand one (T25-15-r4) on a 28, progenitor (s25a28, Heger et al.

stage outflow models where a faster wind phase is followed [R®001)). All progenitors were followed through core cobafy

a slower expansion phase (Kuroda etlal., 2008; Panov & Janka Marek and are mapped to our 2D code typically 10 ms af-

2009). There are also recent studies (Wanajolet al., | 201€x, bounce. In all models the subsequent contraction of ¢ioie n

Roberts et all, 2010) of thefect of the reverse shock on thp- tron star and its cooling behaviour are described as egdain

process. (Frohlich et al., 2006; Pruet etlal., 2006; Wai20)06). by |Scheck et al.| (2006) and defined by parameRr$or the

A discussion of the implications of the reverse shock on the nfinal boundary radius anty for the contraction timescale (see

cleosynthesis will be given in Sel. 4. Table[1). The neutrino luminosity imposed at the lower grid
In Paper I, we have analyzed the behaviour of the reverdseundary isLiVZ +LP =525, 38.6, and 30.3/B for the mod-

shock based on spherically symmetric hydrodynamic simulels including 117, “I2”, and “I5” in the name, respectivelfFor

tions. We found by analytic means that the position of the réie model names we follow the same convection as in Paper I. In

verse shock depends on wind velocity and density, but also Gable[1, we summarize the values of the input parameters. The

the pressure of the supernova ejecta with which the wind catitial configuration of the progenitor model is spherigadym-

lides. This pressure is strongly related to the explosicargygn metric. Since the code conserves this symmetry, it is nacgss

and progenitor structure. Therefore, the evolution of aneds- to add random perturbations to the velocity field (typicaligh

ment that has crossed the reverse shock is more complitated tan amplitude of 0.1 %) to allow for hydrodynamic instabdti

a simple boundary at constant pressure or temperature vitereto develop (see Scheck et al., 2006). The resolution of oar tw

show that multidimensionalfiects lead to an anisotropic masslimensional simulations is around 900 radial grid points 580

and density distribution of the initial supernova ejecthick has angular bins. The number of radial zones is increased dépgnd

a big impact on the position of the reverse shock. The lonation the requirements in the outer layers of the proto-negiamn

of the latter becomes angle dependent. In our two-dimeakiowhere the density gradient is very steep and neutrinos géeou

(2D) simulations, the neutrino-drivenwind boundary isttiere  from matter.

strongly deformed to a non-spherical shape. As a consegquenc

the properties of the shocked wind medium are strongly depeon Resul

dent on the direction. The results presented here will leeimt = esults

prove the simple extrapolations for the ejecta evolutiat #re |n this section we describe the explosion and ejecta ewniuti
used in nucleosynthesis studies. They will allow to comstit®e  for models T10-11-r1 and T10-I2-r1, give an analytic ex@an
parameter space of possible wind histories. tion of the reverse shock behaviour in SEci] 3.1, and contpare
The paper is organized as follows. Numerical method ar@herically symmetric models (Sef.]3.2) and to the more mas
computed models are described in SEEt. 2. Our results of tgige progenitors (Sedf_3.3). The model parameters andiever
simulations for a chosen stellar progenitor are presemed df the results are presented in Table 1.
Sect[8, where we also compare 2D to 1D results (§edt. 3.2) andThe initial distribution is spherically symmetric excepi f
analyze the impact of varying the progenitor (Sect 3.3)aly, small random seed perturbations. As neutrinos deposiggner
the possible nucleosynthesis implications of our resultsa@l- behind the shock, a negative entropy gradient establidies.
dressed in Sedil 4 and we summarize our findings in Bect. 5. region between neutron star and shock thus becomes Ledoux-
unstable and convective overturn appears. Neutrino-tiglaitgh
entropy matter streams upwards, while downflows transpert |
entropy matter from the shock to the neutron star. The down-
Observations indicate that core-collapse supernova gteyhi flows and rising bubbles evolve quickly on time scales of the
anisotropic. Therefore, multidimensional simulations arore order of tens of milliseconds. The mass distribution belbe t
realistic than spherically symmetric ones. However, they ashock becomes highly anisotropic and is dominated by low
computationally much more expensive. Using the same hydspherical harmonics modes. In this phase continuous neutri
code as in Paper |, we have performed hydrodynamical simheating aided by convection leads to an explosion. The evolu
lations of the neutrino-driven wind phase in two dimensionsion after the onset of the explosion is shown in EiQ. 1 by the
We follow the evolution of the supernova ejecta for two se@ntropy distribution at dierent times after bounce.
onds starting at a few milliseconds after bounce. As in Pper  After the launch of the explosion a proto-neutron star forms
our simulations are done with a Newtonian hydrodynamicgcodat the center and cools and deleptonizes by emitting nestrin
which includes general relativity corrections in the gtational During this phase, neutrino-heated matter expands awany fro
potential (Marek et al!, 2006). It is combined with afii@ent the proto-neutron star surface, in what is known as neutrino
neutrino transport approximation (Scheck etlal., 2006prtter  driven wind and collides with the previous, more slowly nrayi
to improve the performance of our simulations, the cenfigiih ejecta. The interaction of the supersonic wind with the supe
density region of the neutron star is excised and its belbago nova ejecta results in a wind termination shock (reverselgho
prescribed by an inner boundary condition. This allows ss &) At this discontinuity, kinetic energy is transformed intérnal
vary the contraction and final radius of the neutrons staichvh energy, which produces an increase of the entropy (seegpeaiel
are determined by the uncertain high-density equationatést Fig.[d att > 500 ms) and the wind is decelerated. At late times
Neutrino luminosities at the boundary are chosen such tieat the changes become slower, shock and ejecta expand gifasi-se
explosion energy is around 1.5 B. A detailed descriptiorhef t similarly.
numerical method, initial models, and boundary treatmamnt ¢ = The neutrino-driven wind is spherically symmetric because
be found in Paper |, Scheck et al. (2006), and Kifonidis et at.depends only on the neutrino emission of the proto-neutro
(2003). star, which is isotropic. However, the distribution of therlg
Here we discuss six flerent models: two (T10-I1-r1 andejecta is highly anisotropic. This produces a deformatiotne
T10-I12-r1) are based on a 10/2, star (data provided by reverse shock and of the shocked wind. The reverse shoaksradi
A. Heger, priv. comm.), three (T15-12-r1, T15-11-r1, andbHL- and the properties of the shocked matter become angle depen-
r0) on a 19\, progenitor (s15s7b2, Woosley & Weaver (1995)xent. An example of a two-dimensional feature is the downflow

2. Two dimensional simulations
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Table 1. Parameters and results at one second after bounce. Thengnatimn star contraction is characterized by its timeesigal
and the final boundary radil®&. The boundary Iuminosityl_@ + L';Z) is constant during the first second and later decays’s
The end of the simulation is denoted by the titgg given in seconds after bounddy,, is the baryonic mass of the neutron star.
The neutron star radilRsis defined as the location where the density i§'8nT3. AEy, is the total energy radiated in neutrinos
of all flavors (measured in bethe [B]10° erg),L,, andL;, are the luminosities of electron neutrinos and antineagrat 500 km,
(&) and(e;,) are the corresponding mean energies, is the explosion energyeyp is the post-bounce time when the explosion
sets in (defined as the moment when the energy of expandirtghoak matter exceeds F@rg).

Model Contraction LY + L2 Progenitor Mass teng | Mpar  AEi Rus L, Ls, (60 (&) Eep  texp
(R, to) [B/s] [Me] [s] | [Mo] [100B] [km] [B/s] [B/s] [MeV] [MeV] [B] [s]
T10-11-r1 9km; 01s 525 10 2.8| 1.261 1.305 14.82 2297 24.63 20.51 22.10 1.457 0.153
T10-12-r1 9km; O1s 386 10 2.211.280 1.146 13.44 21.76 22.49 21.36 2291 0.938 0.170
T15-12-r1 9km; 01s 386 15 1.5(1.421 1.228 12.76 22.60 23.23 22.27 23.75 1.405 0.184
T15-11-r0 8km; Ol1s 525 15 2.0] 1.393 1460 12.79 25,53 26.45 22.68 24.04 1.364 0.156
T15-11-r1 9km; 01s 525 15 1.0 1.388 1.461 13.27 27.66 28.22 2255 23.87 1.341 0.162
T25-15-r4 10.5km; QLs 303 25 1.6 1.869 2.233 1341 36.46 39.92 24.31 2551 3.674 0.197

present ab ~ x/2 in model T10-I1-r1, which corresponds to the3.1. Analytic discussion

I t i isible in th Is foe= 500- 2000 : . "
oy SnTToRY Tedion VISIIe In Fhe pane's Toe ms We use the Rankine-Hugoniot conditions (see paper | fonéurt

of Fig.[. This feature leads to a big deformation of the rsger . . ;
shock, in contrast to model T10-12-r1, where the reverselshodiScussion) to understand the behaviour of the shockedmatt
’ ! d its angular dependence. The neutrino-driven wind edgan

stays almost spherically symmetric as no strong, longrgst " e T ; ; : X
y P y 2y 9 drig the radial direction with velocity,,, hits the slow-moving,

downflows have formed. These variations in the evolution arid . N d a def 4 hock s, A
structure of the two models are not an immediate consequénc@"ISOLrOPIC ejecta, and a deformed reverse Snock resusts.
own schematically in Fig] 3, there is an anglbetween re-

the diferent boundary luminosities. In Taljle 1 one can see t I it : .
y Ml verse shock and radial direction. For spherical explostbiss

many parameters of both models are very similar. The amisptr ] X

of the ejecta depends on chaotiteets that are triggered by the@N9!€ is always/2, since the reverse shock can only be perpen-

initial random perturbations (for more details see Schecl/e dicular to the rad_lus vector. Inan Ob"‘?“e shoc_k the vejocan

2006). b_e decomposed into two components: tangentijalend perpen-
dicular (u,) to the shock. The tangential component of the veloc-

High-density, low-entropy regions in the ejecta, which arﬁy is continuous through an oblique shock (Landau & Lifghit

the remainders of former downflows, act like obstacles preve 1959). Following the notation introduced in Fig. 3, this ifep
ing faster wind expansion in those directions. In the anatis- Hﬂat: ' Y
2at:

cussion of Paper I, we found that the reverse shock radius
pends on the pressure of the more slowly moving early ejecta:
with

R o MWUW . (1) Ursr = Urs C_OS)(, (3)
Prs Ursp = Urs SiNy, (4)

_ being the radial and lateral components of the velocity ef th

The mass outflow ratéd,) and the velocity§y) of the wind are  shocked mattenys), respectively.
the same at all angles because the wind is spherically syiemet  The perpendicular component of the velodity, is changed
Therefore, the variation of the reverse shock radius wifleais  according to the Rankine-Hugoniot conditions. The mass con
caused by the pressure variations of the anisotropic efBgfa  servation condition, including the angle dependence, is:

The aspherical matter distribution in the layer between re-
verse shock and forward shock leads also to an angle depen- Pwly SING = Prslrsr SING + PrsUrs g COSE . (5)
dence of the entropy jump, which depends on the reverseksho% . . . -
position and wind velocity (approximately & o VRUL®, The momentum continuity condition for an oblique shock is:
Arcones et 8l. (2007)). Figufé 2 shows the radius of the sever
shock (bottom panel) and the entropy, pressure, radiatitglo
and temperature of the decelerated wind matter just aféereth | here only the perpendicular components of the velocitisre
verse shock as functions of the azimuthal angle for modet T4y, o, thus write a relation between the pressure and the angl
I1-r1 att = 1.5 s after bounce. Pressure and reverse shock radjus
are related as roughly given by EQJ (1). Moreover, the pressu 1
determines also the angle between radial direction andgeve AP = pyu?, sin2¢(1— —) , (7)
shock (Sect—3]1). The temperature, which is one of the most B
relevant quantities for nucleosynthesis, depends mainlthe \whereAP = P,s - P, is the pressure jump at the reverse shock
position of the reverse shock. When the reverse shock is andte that usuallyP, < Pys), Uy is the radial wind velocity
smaller radius the shocked matter reaches higher tempesaturig.[3), and is:
The link between these quantities and the geometricaltsiieic
of the reverse shock can be explained by analytic means as we
show in the next section. B =

Uj = Uy COS$ = Ursr COSP + Ursp SiNG 2

Pw + pwli = Prs+ PrsUrZS,L ) (6)

prs _ U _ Uy SiNg (®)

Pw uI'S,J_ Urs,r SII"I¢ + Urse COS¢
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Fig.1. Entropy distribution in models T10-11-r1 (left column) afd0-12-r1 (right column) for dierent times after bounce as
indicated in every panel. The figures are plotted such tleaptitar axis is oriented horizontally with “southy € x) on the left and
“north” (9 = 0) on the right. The thin grey line marks the shock radiushinganel fot = 1500 ms of model T10-11-r1, the radial
lines mark the angular directionsé@t 25 degrees (green line) and 100 degrees (red line), alonthwadlial profiles are shown in
Fig.[8.
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[kg/nuc]

Fig. 3. Schematic representation of the velocities in a fluid go-
ing through an oblique shock (red line). Only the velocityrzo
ponent perpendicular to the shock, is changed when a mass
element crosses the shock — the tangential compougrsg.con-
served. Therefore, the direction of the flow is changed at the
shock.

P. [10%erg/cm’]

which is higher in the downflowss tends to be about/2 in
regions where downflows are present. In Eig. 4 the upper panel
shows that the density reaches highest values where the-down
flow is located ¢ ~ 100 degrees). Consistently, the pressure in
this region is also large as shown in the middle panel. Thidde

to straight sections in the reverse shock shape and to the-occ
rence of kinks between locations of downflows.

The reverse shock in model T10-11-r1 thus exhibits several
kinks (Fig.[4) due to the anisotropic pressure distributbthe
ejecta. Figur€ls shows, in a simplified way, thEeets of these
kinks. An oblique reverse shock is ledgegtive in decelerating
the flow (Eq.[[B)) because the tangential component of thecvel
ity is conserved through the shock. This leads to highercselo
ities outside the non-spherical parts of the reverse shaghn(
Fig.[H) compared to spherical regiong(in Fig.[T). This can be
seen in the velocity field marked by arrows in the middle panel
of Fig.[4. The velocity of the ejecta is not directed radiafter
the wind has passed an oblique shock. This produces coflinat
high-velocity outflows starting at the kinks (Fig. 4, bottpamnel
and Fig[1). Moreover, the kinks of the reverse shock are-asso
ciated with minimum values of the pressure and entropy fer th

vrad,rs [1000 krﬁ]

L t= 1.50s ; 2 .
10¢L . . . shocked material as visible in FIg. 2.
0 50 100 150
angle (6) [degrees] 3.2. Two-dimensional versus one-dimensional simulations

) o o ) Convection enhances neutrino heating, leading to eartdr a
Fig. 2. Latitudinal variation of the reverse shock radius (bottonphgre energetic explosions in 2D than in 1D, for the same inner
and of the entropy, pressure, radial velocity, and tempegaif poundary parameters. Earlier explosions imply that thernau
the wind matter just after passing the reverse shock in modehr accretes matter during less time, thus its mass istigligh
T10-11-rl att = 1.5 s after bounce. smaller in 2D (see Tabl€ 1). Thesdfdiences alter the wind and

reverse shock properties, making itfiult to contrast exactly

one- and two-dimensional simulations. In this section we-co
The variation of the pressure jump (and thus of the entroply apare the one-dimensional model M10-11-r1 (see Paper l)éo th
temperature increase by the reverse shock) with apgken be two-dimensional model with the same inner boundary parame-
deduced from Eq[{7). Singe> 1 usually, this equation implies ters: T10-11-rl. First, we examine thefldirences between the
that wheng goes tor/2, i.e., the reverse shock is perpendicuradial profiles of both models at a given time and later the evo
lar to wind velocity, AP and the entropy jump are larger (sedution of relevant quantities.
middle panel in Fig. 4). As there is (roughly) a pressure hega Figure[6 shows the radial profiles offidirent quantities at
betweenP,s and the pressure of the slow-moving early ejectd,5 s after bounce. The one-dimensional model M10-I1-risis d
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Fig. 4. Distribution of density, pressure, and absolute value of
the velocity in the wind and shocked matter for model T10411-
att = 1.5 s after bounce. In the middle panel the radial velocity

field is indicated by arrows.

Fig. 5. Schematic representation of the velocities in a fluid goi
through the reverse shock (red line) when a kink leads to t

collimation of the outflowing matter.
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Fig. 6. Profiles of radial velocity, pressure, density, tempeggtur
and entropy as functions of radius at time 1.5 s after bourtoe.
one-dimensional model M10-I1-r1 (black lines) is compatied
profiles of the two-dimensional model T10-11-r1 at angles
25 degrees (green lines) afé 100 degrees (red lines).

rgeayed by black lines. For the two-dimensional model, T1.0-|

the radial profiles diier at all azimuthal angles. Therefore,

we chose two angles (see radial lines in panekfer1500 ms

of Fig.[1): 6 = 25 degrees (green line) aAd= 100 degrees (red
line), whereRs adopts extreme values. As in Paper I, the radial
profiles show an increase of the entropy in the region wheue ne
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trinos deposit energy (s 20 km) and a constant entropy value 50
in the wind. Matter close to the neutron star absorbs neagrin E
and moves outwards. The fast drop of the density and pressure — 40F 3
allows the expansion to become supersonic. The wind vglocit E
increases first approximately asx r and then approaches an S 30f E
asymptotic valuel,). The interaction of the fast wind with the © ]
slow-moving earlier ejecta results in a sudden drop of the ve — 20F E
locity and a jump of the pressure, density, temperature eard o 10 3 ;
tropy to higher values at the reverse shock. While the wistlis
very similar in the one- and two-dimensional simulatiohgre » E
are significant dferences in the conditions of the slow-moving 300F E
ejecta and therefore in the reverse shock position. Thatiamnis :
in the wind are just a consequence dfelient neutron star prop- o 250¢
erties due to the evolution towards explosion, which is het t & 200k
same in one and two dimensions, as explained before. However } :
the two profiles of model T10-11-r1 are identical in the wind — 150§
phase indicating that this region is spherically symmeffius @ 100k
is expected because the neutrino emission is isotropic laad t .
neutron star stays spherical without rotation. Thiedlénces in 20¢ .
the profiles appear at the position of the reverse shock,wihic 107
2D depends on the angle and is alsfietent from the 1D case. — 10%
Notice that ford = 100 degrees the velocity of the slow-moving "
ejecta is very small because of the presence of relics obagtr S 1023
downflow. E‘
Since the main dierences between 1D and 2D originate .2 10%
from the reverse shock radius and are linked to the propertie Q® Lz
of the supernova ejecta, we show in Hig. 7 the evolution of the 10
quantities of matter that has passed the reverse shockvohe e 102
tion in 2D is presented for fixed azimuthal anghes 25 degrees
(green lines) and 100 degrees (red lines), correspondititgto 106_
lines of same colors in Fi@l 1. In 2D the reverse shock radius g5 5f
changes significantly betweerfldirent angles with correspond- g 10
ing variations of the temperature. This has an impact oneaucl N 104k
osynthesis as we will discuss later in S&dt. 4. The behawbur Z
the reverse shock radius follows Eq. (1). The entropy inwree t T 10°
dimensional simulation is always lower, even when the ver F
shock radius is larger than in the one-dimensional cases. i§hi 10%
explained by the fact that the reverse shock for the greefsray 10" ' ' ]
oblique to the radial direction and the entropy jump is thets r i 1D — 1
duced (see Sedi._3.1). Moreover, in 2D the neutron-star imass [ 2D: §=25 degrees ]
slightly smaller, which leads to lower entropies in the witse|f —_ - 2D: 6=100 degrees
(Qian & Woosley| 1996). X,
Note that the wind phase can be studied just by one- ,°® 9
dimensional simulations because (without rotation) itysta 10 i
spherically symmetric. Even simple steady-state wind nsde
Otsuki et al.|(2000); Thompson et al. (2001) aréisient to de-
termine the wind properties, e.g. for discussing the nwsylro '
thesis in the wind. However, the interaction of the wind vifta 05 10 15 20 25
supernova ejecta is a hydrodynamical problem that regsires time [s]

pernova explosion simulations. Moreover, we have showr her

that one-dimensional models are not enough to accountffor @ilg. 7. Evolution of reverse shock radius, and of the entropy,

the possibilities of the long-time evolution of the ejecta. pressure, density, and temperature of the shocked newtiib
matter for models M10-I11-r1 (black lines) and T10-11-r1Yat

, 25 degrees (green lines) afé 100 degrees (red lines).
3.3. Progenitor dependence

The reverse shock depends on the pressure of the more slowly

moving earlier ejecta, which is filerent for diferent progenitor combined éect of the two ingredients: progenitor structure and
stars, as shown in Paper I. For similar explosion energiesg manisotropic ejecta.

massive progenitors have slower ejecta and therefore 8mtaej  In Fig.[8 the entropy distributions are shown for the rest of
shell possesses a higher pressure so that the reverse shygk the models in Tabl€l1, representing the explosions oML5

at a smaller radius. We have seen in the previous sectiomthatand 25M, progenitors. Note that the time isfifirent in every
anisotropic distribution of the pressure in 2D has a big iotpapanel because the panels correspond to the momggpishen

on the reverse shock position. It is thus interesting toysthd our simulations were stopped. We can compare models with the
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same parameters for the proto-neutron star evolution, iut d 3.0
ferent progenitors, e.g., T10-11-r1 and T15-11-r1. Theletion 25
of the ejecta in these two models is considerabfiedént, al-

though the boundary conditions are the same. This is evea mor ©
visible in the case of models T10-12-r1 and T15-12-r1. Thaavi © 1.5
termination shock is almost spherically symmetric in theM0 =10
star, while it is highly asymmetric due to the presence ofjton
lasting downflows in the 18, progenitor. The third model for

the 15M; case (FiglB, upper panel) also develops a relatively
spherical reverse shock. Although there is no unambigueus r
lation between the evolution of the ejecta and the shapeeof th
reverse shock on the one hand and the boundary conditions or 5
the progenitor structure on the other, more massive prégyeni & T15—11—r1 entropy [1Ot=k190/c?gr?{s]

ntr 10? kgy/nuc.
T15—11~r@—entropy [10° ks/nuc.]

stars like T25-15-r4 favor long-lasting and more slowly arg- c
ing downdrafts because of their denser structure and highes 1.0
infall rates. The same trend can be observed in the cases@flo &
boundary luminosities (e.g. in T15-12-r1) and less engécgst- ':'0 5

plosions. For the explosion models of the W star shown in
Fig.[, the expansion is relatively fast because of the mitweed

silicon and oxygen shells, and therefore all downflows aoevhl 0.0
away during the first half a second, even when lower luminosi- -1.5 -1.0 =05 00 05 1.0 15
ties are assumed in the simulations. z [10° em]
However, the ejecta distribution does not only depend on 5
the progenitor or on small variations of the boundary coodg T15—12—r1 entropy [1Ot="195/6‘6’rfq’s]

that influence the strength of the explosion. The anisotstgrts
from random initial perturbations and develops in a chawty,
which thus can lead to significant variations in the ejecta-mo
phology. The main systematidfect of the progenitor is visi-
ble in the position of the forward and reverse shocks. Bo¢h ar
at smaller radii for the more massive progenitors (provithed
the explosion energy is similar), affect that was already dis-
cussed in Paper | for 1D models and that is also presentin 2D. A
new dfect is seen for the more massive progenitors compared to
the 10M, models: due to long-lasting accretion by the neutron 5
star, the explosion becomes highly asymmetric and the ineutr 3.0 T25—15—r4 entropy [10° kg/nuc.]
driven outflow can be confined to narrow angular wedges (see —2.5 (SISO
Models T15-12-r1 and T25-I5-r4 in Fidl 8). While accretia i €20
still going on, the outflow may not become supersonic in some . , 5
directions so that a termination can be absent for theseang| =, '0
1
0.5
0.0

x [10° cm]

4. Nucleosynthesis implications

We have shown the impact of multidimensionéleets on the
dynamical evolution of the neutrino-driven wind, reverbeck
and supernova ejecta. In this section, we want to briefly agig. 8. Entropy distribution for models T15-11-r0, T15-11-r1, and
dress the possible implications of our results for the nuclg15-12-r1 of a 15V, progenitor and model T25-15-r4 of a M,
osynthesis processes occurring in supernova outflowsgetar star at the end of the simulations.
particle reactions, alpha process (Woaosley &fitwan, | 1992;
Witti et all,11994) yp-process (Frohlich et al., 2006; Pruet et al.,
2006] Wanaja, 2006), and occasionally r-process (Arnoudd| e Yet galactic chemical evolution models (see e.g.,
2007, for a review). Ishimaru et al., | 2004;[ Qian & Wasserburg, 2008) suggest
Since the works of Cameron (1957) and Burbidge et ahat at least a subset of core-collapse supernovae could be
(1957), core-collapse supernova outflows have been the bresiponsible of the origin of half of the heavy r-process elets.
studied candidate for the production of heavy elementBherefore, one may speculate that the r-process could take
However, this environment is facing more and more problerptace in neutrino-driven winds because of some still unkmow
to fulfill the requirements (high entropy, low electron fiao aspect of physics that might cure the problems revealed by
and fast expansion) for the production of heavy r-process #he present hydrodynamical models. In this case the reverse
ements (A 90). The conditions found to be necessary for shock could have important consequences (Wanajg et al)200
robust and strong r-process (elg..fftoan et al., 1997) are not Depending on the temperature at the reverse shock the egsoc
achieved by recent long-time supernova simulations (Pgpepath is diferent. When the reverse-shock temperature is low
Hidepohl et all, 2010; Fischer et al., 2009). This is alexctise (Ts < 0.5 GK), neutron-capture and beta-decay timescales
for our 2D simulations, where the wind entropies are too low are similar |(Blake & Schramm, 1976) and shorter thanm)
get the high neutron-to-seed ratios necessary for theaegso  timescales. This is also known as “cold r-process” (Wanajo,
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2007 Panov & Janka, 2009). In contrast, when the reversekshélthough without rotation the wind develops identicallyathdi-
is at high temperatures, there is amy) — (y, n) equilibrium as rections, a strong angular variation of the reverse shoskipa
in the classical r-process (Kratz et al., 1993; Freiburghedal., can appear because of the anisotropic matter (and thusipegss
1999;[ Farougi et all., 2010). The final abundances for these tdistribution in the more slowly moving, early supernovectge
types of evolution are very fierent, see e.g.,, Wanajo et al. When the radial location of the reverse shock is constrained
(2002); [ Wanajo [(2007);_Kuroda et/al. (2008); Panov & JanKay the existence of dense downdrafts in the ejecta shelfdhat
(2009); L Arcones & Martinez-Pinedo (2010). Also the impadbws the supernova shock, the angle between the reversk shoc
of the nuclear physics input varies depending on how mattend the wind velocity, which goes in the radial directionn ca
expands/(Arcones & Martinez-Pinedo, 2010). be estimated. We have found an analytic expression thaesela
In addition to the r-process, whose astrophysical site ftisis angle to the jump of the pressure at the reverse shoak. Th
still uncertain, there are other nucleosynthesis prosesseur- presence of the downflow features in the supernova ejecth she
ring in supernova outflows. The reverse shock cfieca the with local density and pressure maxima leads to angular vari
production of p-nuclei that happens in neutrino-driven dgin ations of the radius of the reverse shock and thus a deforma-
via charged-particle reactions (Woosley & fflnan, 1992) and tion of the wind-shell boundary with kinks appearing in tiee r
thevp-process (Frohlich et al., 2006; Pruet etlal., 2006; Wénagions where the obliqueness of the shock abruptly chandees. T
2006). This is becoming more important, because the most Rankine-Hugoniot conditions imply that oblique shockslass
cent and most sophisticated supernova simulations showv te@icient in decelerating matter. This produces a collimatibn o
the ejecta are proton-rich for several seconds (Fischdr, et the shocked flow in the vicinity of the kinks. Finally, we have
2009) and even until completion of the proto-neutron stai-co proven that basic features of the progenitor dependenceisee
ing and deleptonization (Hudepohl et al., 2010). The impdc Paper | are also presentin our two-dimensional simulatiewgs,
the reverse shock on these nucleosynthesis processesawan shslower expansion of the forward and reverse shocks in more
up in two ways. First, the temperature jump leads to an imassive stars. However, such general aspects are supssathpo
crease of the photo-dissociation rate. When the lattepiigh, by an enormous amount of variability of explosions even ef th
newly formed nuclei are destroyed. However, when the photeame progenitor and similar explosion energy due to thetithao
dissociation rate is moderate, the temperature increaggsfa growth of nonradial hydrodynamic instabilities from smiai-
the captures of charged particles. The other importeieteof tial seed perturbations.
the reverse shock is the strong reduction of the expansien ve In summary, we have found that in the multi-dimensional
locity with the consequence that the temperature staysaoins case the expansion of the wind matter varies with the angidar
or decreases only slowly after a mass element has crossedrdution because it is influenced by the anisotropic distidioLof
reverse shock. Depending on the exact value of the tempettee earlier ejecta, which evolves chaotically from init@hdom
ture, photo-dissociations or charged-particle react@mrginue perturbations. Therefore, we strongly recommend thatéutu-
to take place. Moreover, when the expansion becomes slowdeosynthesis studies should test tifiieet of diferent extrapo-
the matter stays exposed to high neutrino fluxes for a londations of the evolution of the shock-decelerated ejecta.®-
time. This increases thefeiency of thevp-process. However, sults can be used as guidance for the overall variability itha
one should notice that the processes described here are pgssssible and f@ects the nucleosynthesis-relevant conditions in
ble only when the reverse-shock radius ifisiently small, e.g., multi-dimensional supernova environments.
during the flrsf[ few seconds after the onset of the explo@en, Acknowledgements. We thank G. Martinez-Pinedo, F. Montes, I. Panov, F.-
cause otherwise the temperature at the reverse shock #&IRIrec  thielemann, and S. Wanajo for stimulating discussione ake grateful
too low to play any role. Recently, Wanajo et al. (2010) sug@e S. Woosley and A. Heger for providing us with the progenitwdels, to
gested a possible significant impact of the reverse shocken #. Marek for computing the collapse and prompt shock propegahases with
nucleosynthess under these conditions, in contras il L Powene oo mdancs oo & s e
effects reported by,ROberts et al. (2010). There_fore’ furtber rb?lation visits were supported by the Deutsche Forschumgsigechaft through
cleosynthesis studies should be done, taking into accdwnt the Transregional Collaborative Research Centers /BRB27 “Neutrinos
reverse-shock behaviour found in Paper | and in particoléié and Beyond” and SFBR 7 “Gravitational Wave Astronomy”, and the

present Work, where a huge Vanabmty due to multi-dimensal Cluster of Excellence EXC 153 “Origin and Structure of theivdrse”
effects was obtained (http7/www.universe-cluster.ce). The computations were peréation the NEC
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