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Abstract:



Convective instabilities in the advanced stages of nuclear shell burning can play an important role in neutrino-driven supernova explosions. In our previous work, we studied the interaction of vorticity and entropy waves with the supernova shock using a linear perturbations theory. In this paper, we extend our work by studying the effect of acoustic waves. As the acoustic waves cross the shock, the perturbed shock induces a field of entropy and vorticity waves in the post-shock flow. We find that, even when the upstream flow is assumed to be dominated by sonic perturbations, the shock-generated vorticity waves contain most of the turbulent kinetic energy in the post-shock region, while the entropy waves produced behind the shock are responsible for most of the density perturbations. The entropy perturbations are expected to become buoyant as a response to the gravity force and then generate additional turbulence in the post-shock region. This leads to a modest reduction of the critical neutrino luminosity necessary for producing an explosion, which we estimate to be less than ~5%.
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1. Introduction


Core-collapse supernova (CCSN) explosions are multi-dimensional phenomena [1,2,3,4,5,6,7,8,9,10]. It has long been recognized that hydrodynamics instabilities such as neutrino-driven convection and standing accretion shock instability play crucial roles in launching CCSN explosions (e.g., [11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39]). Recently, it has become clear that the convective instabilities that arise in the nuclear burning shells may also contribute to the explosion [40,41,42,43]. As the stellar core begins its collapse, convective shell perturbations accrete towards the center, a journey during which they undergo significant amplification due to the converging geometry of the flow [44,45,46]. The supernova shock wave encounters these perturbations within ~1 s after formation. The interaction of the perturbations with the shock generates additional turbulence in the post-shock region, creating a more favorable condition for energizing the shock [47,48,49]. The perturbations originating from the oxygen and, to a lesser extent, silicon burning shells were found to be particularly important [50].



In our previous work [48,49], we investigated the physical mechanism of how convective perturbations interact with the supernova shock using a linear perturbation theory known as the linear interaction analysis (LIA) (e.g., [51,52,53,54,55,56]). We used an idealized setup, in which the mean flow is assumed to be uniform, while the perturbations are modeled as planar sinusoidal waves. The linearized jump conditions at the shock provide boundary conditions for the linear Euler equations in the post-shock region, the solution of which yields the flow parameters in that region. The simplicity of such a setup allows us to obtain a unique insight into the physics of the shock–turbulence interaction.



We considered entropy and vorticity perturbations in the accretion flow, which represent two components of a generic three-component hydrodynamic weak turbulence, the third being acoustic waves, as demonstrated by [57]. When any of these perturbations encounters the shock, they deform the shock and generate a field of acoustic, vorticity, and entropy waves in the post-shock region. The entropy waves become buoyant and generate additional convection in the post-shock region [43,47], which then lowers the critical neutrino luminosity necessary for driving the explosion. We estimated the reduction to be ~17–24%, which is in agreement with the predictions from 3D neutrino-hydrodynamics simulations [47].



The goal of the present work is to extend our previous work [48,49] by studying the effect of the third component of the turbulent field: the acoustic perturbations. While the convective motion in nuclear burning shells can in principle emit acoustic waves, the efficiency of this process is rather low due to subsonic nature of the turbulence in nuclear burning shells [58,59]. Hence, these acoustic waves have a negligible effect on the explosion condition of CCSNe. On the other hand, the accretion of entropy and vorticity waves during stellar collapse can generate significant acoustic waves [44,45,60,61]. In this paper, we investigate the effect of these waves on the shock dynamics in CCSNe.



The rest of this paper is organized as following. In Section 2, we describe our method. In Section 3, we present the result of our investigation of the shock–acoustic–wave interaction. We estimate the strength of vorticity, entropy, and acoustic waves generated in the post-shock region. In Section 3.3, we estimate the impact of these perturbations on the explosion condition of CCSNe. Finally, in Section 4, we summarize our results and provide our conclusions.




2. Method and Setup


As in [48], we model the unperturbed flow as a uniform and one-dimensional flow along axis x, while unperturbed shock is assumed to be a planar discontinuity perpendicular to x. The mean flow parameters on the two sides of the shock are related to each other via the Rankine–Hugoniot conditions [59], while the perturbations’ parameters are related via the linearized version of the jump conditions (e.g., [62,63]). This yields boundary conditions for the linearized Euler equations behind the shock, the solution of which, along with the isolated-shock assumption, completely determines the post-shock flow and the shock dynamics in terms of the upstream flow parameters. We denote the mean velocity, density, pressure, temperature, and Mach number as U, [image: ], [image: ], [image: ], and [image: ], respectively, while the perturbations in the x- and y-components of velocity, density, pressure, and temperature are denoted by [image: ], [image: ][image: ], [image: ], [image: ], respectively. The upstream and downstream values of these quantities will be denoted with subscripts 1 and 2, respectively. The speed of sound, which determines the propagation velocity of the sonic perturbations relative to the fluid particles, is given by [image: ], as dictated by the perfect-gas equation of state. Our method is a direct extension of the models of Moore [62] and Mahesh et al. [64] to shocks with endothermic nuclear dissociation, which is an important property of shocks in CCSNe (e.g., [49,65]). As in [48], this model assumes that hydrodynamic time response is much longer than the characteristic time of the nuclear-dissociating process. That is, the shock front and the layer where the dissociation of heavy nuclei into light nuclei takes place are conjointly taken as a single discontinuity. In addition, it is assumed that the intensity of the acoustic perturbations upstream is smaller than the uncertainty inherent to the nuclear dissociation model. Then, the energy involved in the dissociation process can be taken unaltered in the perturbation analysis in the first approximation, without significant loss of accuracy.



We model the stellar fluid with an ideal gas equation of state with [image: ]. The mean flow parameters are chosen to approximate the situation in CCSNe by requiring vanishing Bernoulli parameter above the shock, as described in Abdikamalov et al. [48]. Due to this condition, we have only two free parameters to characterize the mean flow. We choose the upstream Mach number [image: ] and the nuclear dissociation energy as our free parameters. We express the latter in terms of the dimensionless nuclear dissociation parameter [image: ], which represents the ratio of the specific nuclear dissociation energy to the local free-fall specific kinetic energy [66,67]. It ranges from 0, which corresponds to the limit of no nuclear dissociation, to ~0.4, which corresponds to strong nuclear dissociation [49]. The upstream Mach number [image: ] typically ranges between ~5 and ~15 for accretion shocks prior to explosion when the shock radius is ≲300 km [49]. The compression factor [image: ] at the shock ([image: ]),


[image: ]



(1)




and the post-shock Mach number [image: ] ([image: ]),


[image: ]



(2)




are depicted in Figure 1 as a function of [image: ] and [image: ]. It is found that the post-shock Mach number is very sensitive to the nuclear dissociation parameter in the weak-shock domain and that sonic conditions downstream cannot be achieved whenever [image: ], a characteristic of endothermic supersonic propagating waves. In the strong-shock limit, a more realistic limit in the CCSNe context, the above relationships (1) and (2) reduce to [image: ] and [image: ] for [image: ].


Figure 1. Mass-compression ratio (left panel) and post-shock Mach number (right panel) as a function of nuclear-dissociation parameter [image: ] and upstream Mach number [image: ].
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Jump conditions for other quantities that might be of interest are easily written in terms of the functions (1) and (2), and the upstream Mach number [image: ]. They include velocity [image: ], speed of sound and temperature [image: ], and pressure [image: ].



To characterize the interaction with an isotropic field of acoustic perturbations, it is convenient to begin the analysis considering a mono-chromatic field of sound waves, as sketched in Figure 2. Then, in a reference frame [image: ] comoving with the mean flow, an incident sinusoidal planar acoustic wave with amplitude [image: ] and wavelength [image: ] can be expressed as (e.g., [56,62,64])


[image: ]



(3)




with the rest of the thermodynamical perturbations being obtained through the isentropic and irrotational conditions that define the upstream potential flow through the Euler equations, namely


[image: ]



(4)






Figure 2. Schematic depiction of the interaction of an acoustic wave with a shock wave. The unperturbed shock is located at [image: ] and the mean flow is in the direction of the positive x-axis. The pre-shock unperturbed flow is described by velocity [image: ], pressure [image: ], density [image: ], and temperature [image: ], while the post-shock counterparts are [image: ], [image: ], [image: ], and [image: ]. The deformation of the shock as a response to acoustic perturbations is described by function [image: ]. The perturbed shock generates a field of entropy and vorticity waves in the post-shock region.
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Here, t is time, [image: ], and [image: ], where [image: ] is the angle between the propagation direction of the acoustic wave and the [image: ]-axis. Thus, the incident acoustic waves are completely determined via parameters [image: ] and [image: ]. For a given incident acoustic wave perturbation, due to the linearity of the method, the amplitude of post-shock perturbations pressure, density, and velocity are directly proportional to [image: ].



An estimate of the upper limit of perturbations amplitude [image: ] can be inferred from the results of the 3D neutrino-hydrodynamics simulations of Müller et al. [47], who observe perturbations of density with relative amplitude of ~0.1 immediately before the shock. These perturbations are a result of a combinations of entropy, vorticity, and acoustic waves. For the sake of estimating an upper limit for the amplitude of acoustic waves, let us assume that all of the density fluctuations are due to acoustic waves. In this case, the pressure perturbation amplitude [image: ] can at most be ~0.1[image: ], where [image: ] is the adiabatic index of the equation of state. The angular distribution of incident acoustic perturbations is not known currently. In our work, for simplicity, we assume isotropic distribution.




3. Results


3.1. Dependence on Incidence Angle


Within the framework of the LIA, when an acoustic wave of form (3) hits a planar shock wave, the latter responds by deforming into a form of planar wave propagating in the y-direction [56]. This process generates vorticity and entropy waves in the post-shock flow, which are then advected by the flow in the downstream direction, as depicted schematically in Figure 2. Depending on the incidence angle [image: ], two distinct solutions are possible for acoustic waves in the post-shock region. If [image: ] or [image: ], the solution in the post-shock region represents freely propagating planar sound waves. Physically, this solution corresponds to refraction of a sound waves through the shock. The critical angles [image: ] and [image: ] are the roots of equation [62]


[image: ]



(5)







On the other hand, if [image: ], the solution represents an exponentially damping acoustic wave. The former regime is referred to as the propagating regime, while the latter is called the non-propagating regime. In both of these regimes, the entropy and vorticity waves propagate without decaying.



Figure 3 shows the critical angles [image: ] and [image: ] as a function of upstream Mach number [image: ] for four values of the nuclear dissociation parameter [image: ]: 0, 0.2, 0.3, and 0.4. In the limit [image: ] and [image: ], both [image: ] and [image: ] equal 180°, which means that any incoming acoustic waves can propagate into the post-shock region. For [image: ], both angles decrease fast with increasing [image: ], reaching, e.g., 121.5° and 80° at [image: ] for [image: ], after which both angles slowly approach their asymptotic ([image: ]) values of 109° and 71°. This is a generic property of stationary shocks, i.e., parameters of stationary shocks depend weakly on upstream Mach number for [image: ]. Note that the asymptotic values of [image: ] and [image: ] are always symmetric with respect to the [image: ] line (shown with horizontal dashed line), irrespective of the value of [image: ]. The width of the non-propagative region, defined as difference [image: ], decreases with both [image: ] and [image: ]. This is a manifestation of the property that [image: ] decreases with increasing shock compression, which one can achieve by increasing either [image: ] or [image: ].


Figure 3. The critical angles [image: ] (thick solid lines) and [image: ] (dashed lines) versus pre-shock Mach number for four different values of the nuclear dissociation parameter [image: ]: 0, [image: ], [image: ], and [image: ]. The thin solid lines depict the difference [image: ] as a function of the upstream Mach number for the same four values of [image: ]. The difference [image: ] is smaller for larger compression at the shock. Therefore, [image: ] decreases both with increasing [image: ] and [image: ] for [image: ].
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3.2. Interaction with an Isotropic Field of Acoustic Waves


We now consider a field of incident acoustic waves. The response of the shock to incident acoustic perturbations can be expressed in terms of the root mean square (RMS) shock displacement and velocity, which are shown on the left and right panels of Figure 4 as a function of nuclear dissociation parameter [image: ] for various values of [image: ]. For fiducial mean flow parameters ([image: ] and [image: ]), the shock displacement is ≃0.58[image: ], where [image: ] and [image: ] are the wavelength and amplitude of the incoming sound waves. The shock displacement has a weak dependence on [image: ], changing by less than ~2% when [image: ] grows from 0 to [image: ]. The dependence on [image: ] is also weak for [image: ], which is representative of the conditions in CCSNe. For example, the RMS displacement changes by only ~10% when the pre-shock Mach number [image: ] increases from 5 to 100. The RMS shock displacement velocity is shown on the right panel of Figure 4 as a function of [image: ] for the same values of [image: ]. The RMS displacement velocity is ≃0.19[image: ] for the fiducial mean flow parameters ([image: ] and [image: ]). Similarly to the shock displacement, the shock velocity also has a weak dependence on [image: ], decreasing by ~10% when [image: ] increases from 0 to 0.4. The dependence on [image: ] also becomes weak for [image: ]. For example, when [image: ] increases from 5 to 100, the RMS shock velocity decreases by less than ~10%.


Figure 4. RMS shock displacement (left panel) and velocity (right panel) as a function of nuclear dissociation parameter for various values of upstream Mach number. Overall, both quantities depend weakly on [image: ], changing by ≲15% when [image: ] increases from 0 to [image: ].
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When acoustic waves cross the shock, they undergo shock compression. The solid lines in Figure 5 show the ratios of the angle-averaged wavenumbers of post-shock acoustic waves to that of incident acoustic waves as a function of [image: ] for four values of [image: ] ranging from 2.5 to 100 (here, the angular averaging is performed over in the propagative regime, i.e., [image: ] or [image: ]). Since the shock compression grows with either [image: ] or [image: ], so does the ratio of wavenumbers. For our fiducial mean flow parameters ([image: ] and [image: ]), the ratio equals 1.46. The ratio ranges from ~1.17 for weak shocks with small nuclear dissociation ([image: ] and [image: ]) to ~1.8 for strong shocks with significant nuclear dissociations ([image: ] and [image: ]). The latter regime is more representative of the accretion shock flow parameters in CCSNe.


Figure 5. The ratio of the wavenumbers of acoustic waves (solid lines) and vorticity waves (dashed lines) in the post-shock region to that of incoming acoustic waves as a function of the nuclear dissociation parameter for various values of upstream Mach numbers ranging from [image: ] to 100. In all cases, the ratio grows with increasing [image: ] and [image: ] due to larger compression. The growth saturates beyond [image: ], reflecting the fact that shock wave parameters have weak dependence on [image: ] for [image: ]. For our fiducial parameters ([image: ] and [image: ]), the ratio of the wavenumbers of the acoustic waves is [image: ], while the ratio of incident acoustic waves to that of post-shock vorticity waves is [image: ]. These values are similar to the ratio of the wavenumbers of downstream and incident vorticity waves considered in [48].
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It is also instructive to compare the wavenumbers of vorticity waves generated in the post-shock region to that of incident acoustic waves, which is shown with dashed lines in Figure 5 as a function of [image: ] for the same four values of [image: ]. For fiducial mean flow parameters ([image: ] and [image: ]), the ratio is [image: ]. Overall, the ratio ranges from ~1.56 for weak shocks ([image: ]) with small nuclear dissociation ([image: ]) to ~2.2 for strong shock with strong nuclear dissociations ([image: ] and [image: ]). These values are similar to the ratios of the wavenumbers of downstream and upstream vorticity waves considered in [48].



The left panel of Figure 6 shows the specific kinetic energy of downstream acoustic and vorticity waves as a function of the upstream Mach number [image: ] for [image: ]. For [image: ], the kinetic energies undergo rapid variations with [image: ], but for larger values of [image: ] ([image: ]), which is representative of the conditions in CCSNe, these variations quickly subside and the kinetic energies slowly approach their asymptotic ([image: ]) values. For fiducial mean flow parameters ([image: ] and [image: ]), the total kinetic energy in the post-shock region is ≃1.6[image: ]. In this regime, the vorticity waves contain 94% of the total kinetic energy of velocity fluctuations. The remaining fraction is contained in acoustic waves. For incident vorticity or entropy wave perturbations, which we considered in [48,49], the vorticity waves similarly provide the dominant contribution to the kinetic energy in the post-shock region [48,49].


Figure 6. (left panel): The kinetic energy of post-shock perturbations as functions of upstream Mach number [image: ] for [image: ]. In region [image: ], the kinetic energies of various perturbations undergo rapid variations with [image: ]. For larger [image: ], which is more representative of the situation in CCSNe, they exhibit almost no change with [image: ]. In this regime, the kinetic energy of vorticity waves dominates the kinetic energy in the post-shock region, accounting for 94% of the total kinetic energy of all perturbations at [image: ]. The acoustic perturbations represent the remaining 4% of the kinetic energy; (right panel): the kinetic energy of post-shock perturbations as functions of nuclear dissociation parameter [image: ] for [image: ]. The dependence of kinetic energy on [image: ] is somewhat weak and the perturbation energies change by at most ~10% when [image: ] increases from 0 to 0.4. While the total kinetic energy and angular kinetic energy increases with [image: ], the opposite happens to the radial kinetic energy in the post-shock region.
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The right panel of Figure 6 shows the specific kinetic energy of downstream acoustic and vorticity waves as a function of the nuclear dissociation parameter [image: ] for the upstream Mach number [image: ]. Overall, we observe somewhat weak dependence on [image: ]. The total kinetic energy increases from 1.50 at [image: ] to 1.72 at [image: ]. For the same range of [image: ], the angular component of the kinetic energy increases from 0.93 to 1.25. In contrast, the radial component decreases from 0.59 to 0.47. Such an opposite dependence on [image: ] was also observed for the post-shock kinetic energy triggered by incoming vorticity waves [48].



The relative strengths of acoustic, vorticity, and entropy perturbations in the post-shock region are also reflected in the amplitudes of the variations of pressure, velocity, and density, respectively. The left panel of Figure 7 shows the RMS fluctuations of these quantities as a function of upstream Mach number for [image: ]. Overall, all the RMS fluctuations lie between ~0.3 and ~0.5 for [image: ]. Similarly to post-shock kinetic energies, the dependence on [image: ] becomes weak for [image: ]. The dependence of the same quantities on [image: ] at [image: ] is shown on the right panel of Figure 7. The pressure fluctuations increase from 0.4 to 0.43 as [image: ] increases from 0 to 0.4. On the other hand, the temperature variations decrease from 0.36 to 0.34 for the same increase in [image: ]. The density perturbations, which contain contributions from both acoustic and entropy waves, are somewhat insensitive to the value of [image: ], changing by less than 1% as [image: ] increases from 0 to 0.4.


Figure 7. (left panel): variations of pressure (solid black line), density (dashed red line), and temperature (dashed dotted blue line) in the post-shock region as a function of upstream Mach number for [image: ] in units of [image: ]; (right panel): variations of pressure (solid black line), density (dashed red line), and temperature (dashed dotted blue line) in the post-shock region as a function of nuclear dissociation parameter [image: ] for upstream Mach number of [image: ].
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Figure 8 shows the contribution of acoustic (solid lines) and entropy waves (dashed lines) to the RMS density variations as a function of upstream Mach number [image: ] for various values of [image: ] in units of [image: ]. In the limit of small [image: ] ([image: ]), most of the contribution comes from acoustic waves, while the contribution of entropic modes is negligible. This is not surprising since, in the limit [image: ], acoustic waves cross the shock without perturbing it, which prevents generation of entropy waves in the post-shock region. However, the contribution of the acoustic waves decreases fast with increasing [image: ], while the opposite happens to the contribution of entropy modes. For [image: ], which represents the regime in CCSNe, most of the density variations in the post-shock region are due to the entropy waves, contributing more than ~70% of the total density variations. In this case, the amplitude of density fluctuations due to entropy modes is ~0.33[image: ].


Figure 8. RMS density variations in the post-shock region as a function of upstream Mach number for different values of nuclear dissociation parameters [image: ]. The solid lines represent the contribution of acoustic waves, while the dashed lines show the contribution of entropy modes in the post-shock region. In the weak shock limit ([image: ]), most of the contribution to density fluctuations are due to acoustic waves. The contribution of entropy modes grows with [image: ], while the opposite happens to the contribution of acoustic waves.
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3.3. Implications for CCSN Explosion Condition


Generated by the acoustic perturbations of the shock, the entropy waves in the post-shock region become buoyant and drive additional convection, creating a more favorable condition for producing explosion. An order-of-magnitude estimate for the the reduction of the critical neutrino luminosity for producing explosion can be inferred using the model of [43]:


[image: ]



(6)







Here, ℓ is the angular wavenumber of the dominant mode of perturbation and [image: ] is the RMS density perturbations [49]. [image: ] and [image: ] are the efficiencies of accretion and neutrino heating. Using typical values [image: ] and [image: ] [47],


[image: ]



(7)




for typical problem parameters. As we can see in Figure 8, [image: ] for fiducial mean flow problem parameter and it has a weak dependence on [image: ] and [image: ] for [image: ]. Substituting this into Equation (7), we obtain estimate


[image: ]



(8)







For [image: ] perturbations, which has the largest impact on the explosion condition [42], we get


[image: ]



(9)







For [image: ], which is close to the upper limit, this leads to a ~5.2% decrease in the critical luminosity. This is significantly smaller than the effect of vorticity waves, which can be as high as ~24% [49]. This suggests that upstream acoustic perturbations play a less important role compared to vorticity perturbations. This result seems to be at least consistent with the results of 3D neutrino-hydrodynamics simulations of [47], who studied the impact of convective perturbations in the O burning shell. Since acoustic waves travel with respect to the flow, they must arrive at the shock earlier than the O burning shell. However, the evolution of the shock is affected significantly only after the O shell arrives at the shock, suggesting that the acoustic waves may have a modest impact on the shock dynamics. However, Equation (9) is based on a number of approximate assumptions and it is meant to provide only an order-of-magnitude estimate for the reduction of the critical luminosity (e.g., [49]). A more rigorous estimate will be provided in a future work.





4. Conclusions


In this paper, we studied the impact of acoustic waves generated by convective instabilities in nuclear burning shells of core-collapse supernova (CCSN) progenitors. Using a linear perturbation theory, we analyzed the interaction of these waves with the supernova shock. We modeled the unperturbed flow as a one-dimensional uniform flow that is compressed by a planar shock perpendicular to the flow. We calculated the properties of vorticity, entropy, and acoustic waves generated in the post-shock region as a result of the perturbation of the supernova shock by upstream acoustic perturbations. The dissociation energy is assumed to be invariant to perturbations. Despite all the upstream kinetic energy of the velocity perturbations being of acoustic type, we find that the kinetic energy in the post-shock region is dominantly of rotational type, due to the shock-generated vorticity. Correspondingly, acoustic waves in the post-shock flow account for a tiny fraction of the kinetic energy. For example, for our fiducial mean flow parameter ([image: ] and [image: ]), the contribution of vorticity waves is 94%, while the remaining 6% is due to acoustic waves. The density perturbations in the post-shock region are mostly due to entropy waves, contributing 74% of the total value for our fiducial mean flow parameters. Once in the post-shock region, these entropic perturbations become buoyant and generate additional turbulence in the gain region. Using the model of Müller et al. [43], we estimated the reduction of the critical neutrino luminosity necessary for producing explosion to be ≲5%. This is about 3–5 times smaller than the effect of incident vorticity waves, which tentatively suggests that the incoming acoustic waves are likely to have a relatively modest impact on the explosion mechanism of CCSNe. However, this estimate is based on the number of assumptions and approximations. In particular, we assumed isotropic distribution of incoming acoustic waves and it is unclear how good this approximation is. By the time the incoming acoustic waves encounter the supernova shock, the post-shock region is likely to have a fully developed neutrino-driven convection and/or standing accretion shock instability. The interaction of these instabilities with the fluctuations generated by the incoming perturbations needs to be described within a more rigorous theory (e.g., [68,69]). This will be the subject of future studies.







Author Contributions


E.A. initiated the project, contributed to the development of the methodology, analysis of the results, and preparation of the manuscript. C.H. contributed to the development of the formalism, including the aspects related to the treatment of the nuclear dissociation energy. He also helped with the analysis of the results and preparation of the manuscript. S.B. and A.N. helped with the derivation of the equations, analysis of the results, and preparation of the manuscript.




Acknowledgments


We thank Thierry Foglizzo, Bernhard Müller, and David Radice for fruitful discussions. Funding from Nazarbayev University ORAU grant SST 2015021 and Ministry of Education and Science of the Republic of Kazakhstan state-targeted program BR05236454 is acknowledged.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Fryxell, B.; Arnett, D.; Mueller, E. Instabilities and clumping in SN 1987A. I-Early evolution in two dimensions. Astrophys. J. 1991, 367, 619–634. [Google Scholar] [CrossRef]

	2. 
Herant, M. The convective engine paradigm for the supernova explosion mechanism and its consequences. Phys. Rep. 1995, 256, 117–133. [Google Scholar] [CrossRef]

	3. 
Burrows, A.; Hayes, J.; Fryxell, B.A. On the Nature of Core-Collapse Supernova Explosions. Astrophys. J. 1995, 450, 830. [Google Scholar] [CrossRef]

	4. 
Janka, H.T.; Müller, E. Neutrino heating, convection, and the mechanism of Type-II supernova explosions. Astron. Astrophys. 1996, 306, 167. [Google Scholar]

	5. 
Mösta, P.; Richers, S.; Ott, C.D.; Haas, R.; Piro, A.L.; Boydstun, K.; Abdikamalov, E.; Reisswig, C.; Schnetter, E. Magnetorotational Core-collapse Supernovae in Three Dimensions. Astrophys. J. Lett. 2014, 785, L29. [Google Scholar] [CrossRef]

	6. 
Boggs, S.E.; Harrison, F.A.; Miyasaka, H.; Grefenstette, B.W.; Zoglauer, A.; Fryer, C.L.; Reynolds, S.P.; Alexander, D.M.; An, H.; Barret, D.; et al. 44Ti gamma-ray emission lines from SN1987A reveal an asymmetric explosion. Science 2015, 348, 670–671. [Google Scholar] [CrossRef] [PubMed]

	7. 
Mao, J.; Ono, M.; Nagataki, S.; Hashimoto, M.a.; Ito, H.; Matsumoto, J.; Dainotti, M.G.; Lee, S.H. Matter Mixing in Core-collapse Supernova Ejecta: Large Density Perturbations in the Progenitor Star? Astrophys. J. 2015, 808, 164. [Google Scholar] [CrossRef]

	8. 
Wongwathanarat, A.; Müller, E.; Janka, H.T. Three-dimensional simulations of core-collapse supernovae: From shock revival to shock breakout. Astron. Astrophys. 2015, 577, A48. [Google Scholar] [CrossRef]

	9. 
Müller, B. The Status of Multi-Dimensional Core-Collapse Supernova Models. Publ. Astron. Soc. Aust. 2016, 33, e048. [Google Scholar] [CrossRef]

	10. 
Katsuda, S.; Morii, M.; Janka, H.T.; Wongwathanarat, A.; Nakamura, K.; Kotake, K.; Mori, K.; Müller, E.; Takiwaki, T.; Tanaka, M.; et al. Intermediate-mass Elements in Young Supernova Remnants Reveal Neutron Star Kicks by Asymmetric Explosions. Astrophys. J. 2018, 856, 18. [Google Scholar] [CrossRef]

	11. 
Blondin, J.M.; Mezzacappa, A.; DeMarino, C. Stability of Standing Accretion Shocks, with an Eye toward Core-Collapse Supernovae. Astrophys. J. 2003, 584, 971. [Google Scholar] [CrossRef]

	12. 
Foglizzo, T.; Scheck, L.; Janka, H.T. Neutrino-driven Convection versus Advection in Core-Collapse Supernovae. Astrophys. J. 2006, 652, 1436. [Google Scholar] [CrossRef]

	13. 
Foglizzo, T.; Galletti, P.; Scheck, L.; Janka, H.T. Instability of a Stalled Accretion Shock: Evidence for the Advective-Acoustic Cycle. Astrophys. J. 2007, 654, 1006. [Google Scholar] [CrossRef]

	14. 
Hanke, F.; Marek, A.; Müller, B.; Janka, H.T. Is Strong SASI Activity the Key to Successful Neutrino-driven Supernova Explosions? Astrophys. J. 2012, 755, 138. [Google Scholar] [CrossRef]

	15. 
Hanke, F.; Müller, B.; Wongwathanarat, A.; Marek, A.; Janka, H.T. SASI Activity in Three-dimensional Neutrino-hydrodynamics Simulations of Supernova Cores. Astrophys. J. 2013, 770, 66. [Google Scholar] [CrossRef]

	16. 
Janka, H.T.; Hanke, F.; Hüdepohl, L.; Marek, A.; Müller, B.; Obergaulinger, M. Core-collapse supernovae: Reflections and directions. Prog. Theor. Exp. Phys. 2012, 2012, 01A309. [Google Scholar] [CrossRef]

	17. 
Dolence, J.C.; Burrows, A.; Murphy, J.W.; Nordhaus, J. Dimensional Dependence of the Hydrodynamics of Core-collapse Supernovae. Astrophys. J. 2013, 765, 110. [Google Scholar] [CrossRef]

	18. 
Murphy, J.W.; Dolence, J.C.; Burrows, A. The Dominance of Neutrino-driven Convection in Core-collapse Supernovae. Astrophys. J. 2013, 771, 52. [Google Scholar] [CrossRef]

	19. 
Burrows, A. Colloquium: Perspectives on core-collapse supernova theory. Rev. Mod. Phys. 2013, 85, 245. [Google Scholar] [CrossRef]

	20. 
Takiwaki, T.; Kotake, K.; Suwa, Y. A Comparison of Two- and Three-dimensional Neutrino-hydrodynamics Simulations of Core-collapse Supernovae. Astrophys. J. 2014, 786, 83. [Google Scholar] [CrossRef]

	21. 
Ott, C.D.; O’Connor, E.P.; Gossan, S.; Abdikamalov, E.; Gamma, U.C.T.; Drasco, S. Core-Collapse Supernovae, Neutrinos, and Gravitational Waves. Nucl. Phys. B Proc. Suppl. 2013, 235, 381. [Google Scholar] [CrossRef]

	22. 
Ott, C.D.; Abdikamalov, E.; Mösta, P.; Haas, R.; Drasco, S.; O’Connor, E.P.; Reisswig, C.; Meakin, C.A.; Schnetter, E. General-relativistic Simulations of Three-dimensional Core-collapse Supernovae. Astrophys. J. 2013, 768, 115. [Google Scholar] [CrossRef]

	23. 
Abdikamalov, E.; Ott, C.D.; Radice, D.; Roberts, L.F.; Haas, R.; Reisswig, C.; Mösta, P.; Klion, H.; Schnetter, E. Neutrino-driven Turbulent Convection and Standing Accretion Shock Instability in Three-dimensional Core-collapse Supernovae. Astrophys. J. 2015, 808, 70. [Google Scholar] [CrossRef]

	24. 
Radice, D.; Couch, S.M.; Ott, C.D. Implicit large eddy simulations of anisotropic weakly compressible turbulence with application to core-collapse supernovae. Comput. Astrophys. Cosmol. 2015, 2, 7. [Google Scholar] [CrossRef]

	25. 
Melson, T.; Janka, H.T.; Marek, A. Neutrino-driven Supernova of a Low-mass Iron-core Progenitor Boosted by Three-dimensional Turbulent Convection. Astrophys. J. Lett. 2015, 801, L24. [Google Scholar] [CrossRef]

	26. 
Melson, T.; Janka, H.T.; Bollig, R.; Hanke, F.; Marek, A.; Müller, B. Neutrino-driven Explosion of a 20 Solar-mass Star in Three Dimensions Enabled by Strange-quark Contributions to Neutrino–Nucleon Scattering. Astrophys. J. Lett. 2015, 808, L42. [Google Scholar] [CrossRef]

	27. 
Lentz, E.J.; Bruenn, S.W.; Hix, W.R.; Mezzacappa, A.; Messer, O.E.B.; Endeve, E.; Blondin, J.M.; Harris, J.A.; Marronetti, P.; Yakunin, K.N. Three-dimensional Core-collapse Supernova Simulated Using a 15 M⊙ Progenitor. Astrophys. J. Lett. 2015, 807, L31. [Google Scholar] [CrossRef]

	28. 
Fernández, R.; Müller, B.; Foglizzo, T.; Janka, H.T. Characterizing SASI- and convection-dominated core-collapse supernova explosions in two dimensions. Mon. Not. R. Astron. Soc. 2014, 440, 2763–2780. [Google Scholar] [CrossRef]

	29. 
Fernández, R. Three-dimensional simulations of SASI- and convection-dominated core-collapse supernovae. Mon. Not. R. Astron. Soc. 2015, 452, 2071–2086. [Google Scholar] [CrossRef]

	30. 
Foglizzo, T.; Kazeroni, R.; Guilet, J.; Masset, F.; González, M.; Krueger, B.K.; Novak, J.; Oertel, M.; Margueron, J.; Faure, J.; et al. The Explosion Mechanism of Core-Collapse Supernovae: Progress in Supernova Theory and Experiments. Publ. Astron. Soc. Aust. 2015, 32, e009. [Google Scholar] [CrossRef]

	31. 
Cardall, C.Y.; Budiardja, R.D. Stochasticity and Efficiency in Simplified Models of Core-collapse Supernova Explosions. Astrophys. J. Lett. 2015, 813, L6. [Google Scholar] [CrossRef]

	32. 
Radice, D.; Ott, C.D.; Abdikamalov, E.; Couch, S.M.; Haas, R.; Schnetter, E. Neutrino-driven Convection in Core-collapse Supernovae: High-resolution Simulations. Astrophys. J. 2016, 820, 76. [Google Scholar] [CrossRef]

	33. 
Bruenn, S.W.; Lentz, E.J.; Hix, W.R.; Mezzacappa, A.; Harris, J.A.; Messer, O.E.B.; Endeve, E.; Blondin, J.M.; Chertkow, M.A.; Lingerfelt, E.J.; et al. The Development of Explosions in Axisymmetric Ab Initio Core-collapse Supernova Simulations of 12-25 M⊙ Stars. Astrophys. J. 2016, 818, 123. [Google Scholar] [CrossRef]

	34. 
Roberts, L.F.; Ott, C.D.; Haas, R.; O’Connor, E.P.; Diener, P.; Schnetter, E. General-Relativistic Three-Dimensional Multi-group Neutrino Radiation-Hydrodynamics Simulations of Core-Collapse Supernovae. Astrophys. J. 2016, 831, 98. [Google Scholar] [CrossRef]

	35. 
Kuroda, T.; Kotake, K.; Hayama, K.; Takiwaki, T. Correlated Signatures of Gravitational-wave and Neutrino Emission in Three-dimensional General-relativistic Core-collapse Supernova Simulations. Astrophys. J. 2017, 851, 62. [Google Scholar] [CrossRef]

	36. 
Ott, C.D.; Roberts, L.F.; da Silva Schneider, A.; Fedrow, J.M.; Haas, R.; Schnetter, E. The Progenitor Dependence of Core-collapse Supernovae from Three-dimensional Simulations with Progenitor Models of 12-40 M⊙. Astrophys. J. Lett. 2018, 855, L3. [Google Scholar] [CrossRef]

	37. 
Takiwaki, T.; Kotake, K. Anisotropic emission of neutrino and gravitational-wave signals from rapidly rotating core-collapse supernovae. Mon. Not. R. Astron. Soc. 2018, 475, L91–L95. [Google Scholar] [CrossRef]

	38. 
Kazeroni, R.; Krueger, B.K.; Guilet, J.; Foglizzo, T.; Pomarède, D. The non-linear onset of neutrino-driven convection in two and three-dimensional core-collapse supernovae. arXiv, 2018. [Google Scholar]

	39. 
Radice, D.; Abdikamalov, E.; Ott, C.D.; Moesta, P.; Couch, S.M.; Roberts, L.F. Turbulence in Core-Collapse Supernovae. J. Phys. G Nucl. Part. Phys. 2018, 45, 053003. [Google Scholar] [CrossRef]

	40. 
Couch, S.M.; Ott, C.D. Revival of The Stalled Core-Collapse Supernova Shock Triggered by Precollapse Asphericity in the Progenitor Star. Astrophys. J. Lett. 2013, 778, L7. [Google Scholar] [CrossRef]

	41. 
Couch, S.M.; Ott, C.D. The Role of Turbulence in Neutrino-driven Core-collapse Supernova Explosions. Astrophys. J. 2015, 799, 5. [Google Scholar] [CrossRef]

	42. 
Müller, B.; Janka, H.T. Non-radial instabilities and progenitor asphericities in core-collapse supernovae. Mon. Not. R. Astron. Soc. 2015, 448, 2141–2174. [Google Scholar] [CrossRef]

	43. 
Müller, B.; Viallet, M.; Heger, A.; Janka, H.T. The Last Minutes of Oxygen Shell Burning in a Massive Star. Astrophys. J. 2016, 833, 124. [Google Scholar] [CrossRef]

	44. 
Kovalenko, I.G.; Eremin, M.A. Instability of spherical accretion—I. Shock-free Bondi accretion. Mon. Not. R. Astron. Soc. 1998, 298, 861–870. [Google Scholar] [CrossRef]

	45. 
Lai, D.; Goldreich, P. Growth of Perturbations in Gravitational Collapse and Accretion. Astrophys. J. 2000, 535, 402. [Google Scholar] [CrossRef]

	46. 
Takahashi, K.; Yamada, S. Linear Analysis on the Growth of Non-spherical Perturbations in Supersonic Accretion Flows. Astrophys. J. 2014, 794, 162. [Google Scholar] [CrossRef]

	47. 
Müller, B.; Melson, T.; Heger, A.; Janka, H.T. Supernova simulations from a 3D progenitor model—Impact of perturbations and evolution of explosion properties. Mon. Not. R. Astron. Soc. 2017, 472, 491–513. [Google Scholar] [CrossRef]

	48. 
Abdikamalov, E.; Zhaksylykov, A.; Radice, D.; Berdibek, S. Shock-turbulence interaction in core-collapse supernovae. Mon. Not. R. Astron. Soc. 2016, 461, 3864–3876. [Google Scholar] [CrossRef]

	49. 
Huete, C.; Abdikamalov, E.; Radice, D. The impact of vorticity waves on the shock dynamics in core-collapse supernovae. Mon. Not. R. Astron. Soc. 2018, 475, 3305–3323. [Google Scholar] [CrossRef]

	50. 
Collins, C.; Müller, B.; Heger, A. Properties of convective oxygen and silicon burning shells in supernova progenitors. Mon. Not. R. Astron. Soc. 2018, 473, 1695–1704. [Google Scholar] [CrossRef]

	51. 
Ribner, H.S. Convection of a Pattern of Vorticity through a Shock Wave; Technical Report TN 2864; NACA (National Advisory Committee for Aeronautics): Cleveland, OH, USA, 1954. [Google Scholar]

	52. 
Chang, C.T. Interaction of a Plane Shock and Oblique Plane Disturbances With Special Reference to Entropy Waves. J. Aeronaut. Sci. 1957, 24, 675–682. [Google Scholar] [CrossRef]

	53. 
Mahesh, K.; Moin, P.; Lele, S.K. The Interaction of a Shock Wave with a Turbulent Shear Flow; Technical Report TF-69; Thermosciences division, Department of Mechanical Engineering, Stanford University: Stanford, CA, USA, 1997. [Google Scholar]

	54. 
Wouchuk, J.G.; Huete Ruiz de Lira, C.; Velikovich, A.L. Analytical linear theory for the interaction of a planar shock wave with an isotropic turbulent vorticity field. Phys. Rev. E 2009, 79, 066315. [Google Scholar] [CrossRef] [PubMed]

	55. 
Huete Ruiz de Lira, C.; Velikovich, A.L.; Wouchuk, J.G. Analytical linear theory for the interaction of a planar shock wave with a two- or three-dimensional random isotropic density field. Phys. Rev. E 2011, 83, 056320. [Google Scholar] [CrossRef] [PubMed]

	56. 
Huete, C.; Wouchuk, J.G.; Velikovich, A.L. Analytical linear theory for the interaction of a planar shock wave with a two- or three-dimensional random isotropic acoustic wave field. Phys. Rev. E 2012, 85, 026312. [Google Scholar] [CrossRef] [PubMed]

	57. 
Kovasznay, L.S.G. Turbulence in Supersonic Flow. J. Aeronaut. Sci. 1953, 20, 657–674. [Google Scholar] [CrossRef]

	58. 
Lighthill, M.J. On Sound Generated Aerodynamically. I. General Theory. Proc. R. Soc. Lond. Ser. A 1952, 211, 564–587. [Google Scholar] [CrossRef]

	59. 
Landau, L.D.; Lifshitz, E.M. Fluid Mechanics, 2nd ed.; Butterworth-Heinemann: Oxford, UK, 1959. [Google Scholar]

	60. 
Foglizzo, T.; Tagger, M. Entropic-acoustic instability in shocked accretion flows. Astron. Astrophys. 2000, 363, 174–183. [Google Scholar]

	61. 
Foglizzo, T. Entropic-acoustic instability of shocked Bondi accretion I. What does perturbed Bondi accretion sound like? Astron. Astrophys. 2001, 368, 311–324. [Google Scholar] [CrossRef]

	62. 
Moore, F.K. Unsteady Oblique Interaction of a Shock Wave with a Plane Disturbance; Technical Report TR 1165; NACA (National Advisory Committee for Aeronautics): Cleveland, OH, USA, 1953. [Google Scholar]

	63. 
Sagaut, P.; Cambon, C. Homogeneous Turbulence Dynamics; Cambridge University Press: Cambridge, UK, 2008. [Google Scholar]

	64. 
Mahesh, K.; Lee, S.; Lele, S.K.; Moin, P. The interaction of an isotropic field of acoustic waves with a shock wave. J. Fluid Mech. 1995, 300, 383–407. [Google Scholar] [CrossRef]

	65. 
Bethe, H.A. Supernova mechanisms. Rev. Mod. Phys. 1990, 62, 801. [Google Scholar] [CrossRef]

	66. 
Fernández, R.; Thompson, C. Stability of a Spherical Accretion Shock with Nuclear Dissociation. Astronphys. J. 2009, 697, 1827. [Google Scholar] [CrossRef]

	67. 
Fernández, R.; Thompson, C. Dynamics of a Spherical Accretion Shock with Neutrino Heating and Alpha-Particle Recombination. Astrophys. J. 2009, 703, 1464. [Google Scholar] [CrossRef]

	68. 
Takahashi, K.; Iwakami, W.; Yamamoto, Y.; Yamada, S. Links between the Shock Instability in Core-collapse Supernovae and Asymmetric Accretions of Envelopes. Astrophys. J. 2016, 831, 75. [Google Scholar] [CrossRef]

	69. 
Mabanta, Q.A.; Murphy, J.W. How Turbulence Enables Core-collapse Supernova Explosions. Astrophys. J. 2018, 856, 22. [Google Scholar] [CrossRef]

























© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
0.5

‘Thermodynamic fluctuations
in post-shock region

— (palmirs
e (lpal?/a3P
(mpzee

3

(i asps

(o /ap

‘Thermodynamic fluctuations
in post-shock region

g

§ 70 121 16 18 20 O%

M

[ 03 03 04





media/file4.png
p2, D2, T2

\ 4





nav.xhtml


  particles-01-00007


  
    		
      particles-01-00007
    


  




  





media/file16.png
>0.5 {<A5>0'5]

2/P3

(|p"

O°6_"I"'I"'I"'I"'I"'I"'I"
- | RMS density fluctuations

0.0

acoustic mode]

A ENETEN BN ETEN N BN AT AT A
10 12 14 16 18 20
M





media/file2.png
0.3

10





media/file5.jpg
180

T
— =0
€

160 B
— =02

140 — =03
— e=0.4

120 12,
llI//1l1/111i///ﬂﬂ;ﬂ;ﬂ//ﬂﬂiﬂl

PO POTy ROW FUTH
2 4 6 8 10 12 14 16 18 20
M1





media/file3.jpg
_>U1

p1.01, 11

p2, D2, T

v





media/file1.jpg





media/file7.jpg
0.70,

0.30,

“Average shock displacement ()"
in units of 3,(4)°*

— w25 —
— M — M

§

Average shock velocity (s
nunits of 1 (47)"

0
100

S

[ R

o4

o

o 03

03 0





media/file10.png
Ry, 2//<3a, 1

K/a,Q/K'a, 1

0.4

0.3

0.1






media/file12.png
- Post-shock
. kinetic energy

in units of UZ(A2)%?

Radial

Angular

Vorticity

IIIIIIIII_
Total

Acoustic

—————
———
-

2.5

2.0F

1.5

1.0
0.5

01 S——
0 0.1

I 1 1 1 1 I I
Total — Acoustic
= Radial Vorticity B
i Angular il
| ] ] | |

0.2

M

0.3

0.4





media/file9.jpg





media/file0.png





media/file14.png
0'8'I"'I"'I"'I"'I'"I"'I"'I"'I"'
- Thermodynamic fluctuations
- in post-shock region _
| mp g <‘p/2‘2/p%>0.5 |

(|p%]2/p2)*° -
...... <\T’2\2/T22>0'5

||||||||||||||||||||||||||||||||||||||||||||
Vm
......
yue
5"

] L1 L1 L BN B T BT S A A A A B B
2 4 §) 8 10 12 14 16 18 20
M1

0.5

0.4

0.3

— (ph?/p3)> e (7% /T )05
(p|?/p3)>?

ol
-------
------------------------------------------------

i
LY Y
N RN Ningg "
LN NI " i
LR NN Y
LR NN N
lllllllilllllllllllll
LR RN RN
LR NN NN
L RN NN
LR NN N
1

[ Thermodynamic fluctuations
| in post- shock reglon






media/file8.png
0.70

— 0.65

0.60

2>1/2 {)\1<A]02>0'5

< 0.55

0.50

N—

| Average shock displacement <§2>0-5

" in units of A, (A2)%?

......... T T

0.30

| Average shock velocity (£2)1/2 =
in units of U;(A2)"?
||||||||| T T T T N T T T T T O T T O B T A
0 0.1 0.2 0.3 0.4
€





media/file11.jpg
2.5

Post-shock
25 kinetic energy

in units of UF(42)"*

Total
Radial
Angular
Acoustic
Vortiity

Total
20f — Radial
- Angular

— Acoustic
Vorticity






media/file6.png
I A A A A | |ﬁ
10 12 14 16 18 20
Mi






media/file15.jpg
LUMLBARE RS RARE MR Ry
RMS density fluctuations

entropy ms

acoustic mode

T T I T
4 6 8 10 12 14 16 18 20
M





