
DRIVING GALACTIC TURBULENCE BY SUPERNOVA EXPLOSIONSMaarit KorpiUniverstiy of Oulu, Department of Physical Sciences, Astronomy Division, Oulu, Finland1Axel BrandenburgUniversity of Newcastle, Mathematics Department, Newcastle Upon Tyne, United Kingdom2Ilkka TuominenUniversity of Oulu, Department of Physical Sciences, Astronomy Division, Oulu, Finland3S u m m a r y : We investigate the general properties of supernova driven interstellarturbulence using local three-dimensional MHD simulations under galactic conditions. Ourmodel includes the e�ects of large-scale shear due to galactic di�erential rotation, densitystrati�cation, compressibility, magnetic �elds, heating via supernova explosions and param-eterized radiative cooling of the interstellar medium. In addition to investigating isolatedsupernova explosions we allow for multiple supernovae distributed randomly in the galacticdisc and exponentially in the vertical direction. Single supernova explosions drive a strongshock, the lifetime of which is approximately 2 Myr in our model. This stage is found to becharacterized by a kinetic energy spectrum in the di�use gas with spectral index consistentwith k = �2. Large-scale shear and Coriolis force act on the supernova remnant producingsome vorticity inside it, but this process was found to be very weak. In the case of multiplesupernova explosions, older remnants have an important role causing density uctuationsin the interstellar medium. In this \clumpy" medium, the propagation velocity of the shockfronts changes due to the changing density, and vorticity is generated. In the absence ofthese supernova interactions the kinetic energy spectrum shows a relatively wide shock spec-trum with spectral index k = �2, but when the supernova interactions become dominant theclassical k = �5=3 spectrum is observed.K e y w o r d s : Interstellar turbulence, supernova explosions1. INTRODUCTIONThe interstellar medium (ISM) is a highly turbulent ow. Interstellar turbulence,however, is signi�cantly di�erent from the turbulence observed in homogeneous,isotropic and incompressible laboratory ows. The ISM is inhomogeneous havinga multi-phase structure: there are cold dense clouds and hot dilute bubbles in thewarm di�use interstellar gas. Isotropy is violated for example by gravity and largescale magnetic �elds. The most important drivers of interstellar turbulence arestellar explosive events (supernova explosions and stellar winds), which stronglyheat, accelerate and compress the ISM driving shock waves (e.g. Ostriker & McKee,1988). Other sources of turbulence include the Parker instability (Parker, 1992),1 Address: P.O. BOX 333, 90571 Oulu, Finland (mkorpi@moria.oulu.�)2 Address: NE1 7RU, Newcastle Upon Tyne, UK (Axel.Brandenburg@newcastle.ac.uk)3 Address: P.O. BOX 333, 90571 Oulu, Finland (Ilkka.Tuominen@oulu.�)Studia geoph. et geod. 42 (1998), 1-6 1c 1998 StudiaGeo s.r.o., Prague



Maarit Korpi et al.the Balbus-Hawley instability (Balbus & Hawley, 1991) and large scale shear stressesprovided by galactic di�erential rotation (Fleck, 1981).It is generally believed (e.g. Beck et al., 1996; Zweibel & Heiles, 1997) thatthe observed large scale magnetic �elds in galaxies are generated by the action ofa hydromagnetic dynamo (Parker, 1955; Steenbeck, Krause & R�adler, 1966). Incontrast to the galactic rotation, the knowledge of interstellar turbulence is ratherpoor. However, there has recently been a lot of interest in calculating the mean-�eld transport coe�cients (� and �t) resulting from isolated supernova (hereafterSN) explosions occuring in magnetized, rotating and vertically strati�ed galacticdiscs (e.g. Ferri�ere, 1996; Ziegler et al., 1996). The resulting �-e�ect and turbulentdi�usivity are weaker than expected, although in the model of Ferri�ere (1996) super-bubbles, which are huge cavities produced by clustered SNs, were found to producesigni�cantly larger values of the transport coe�cients.Due to the development of computer technology it is now possible, in addition tocalculating the mean-�eld transport coe�cients, to investigate the general propertiesof interstellar turbulence. Recent work on realistic models of the ISM has been donee.g. by Rosen et al. (1995), who developed a global two-dimensional model of theISM, and V�azquez-Semadeni et al. (1996), who investigated the e�ects of coolinginduced compressibility on turbulent ows in three dimensions. Our present workaims at investigating the general properties of SN driven interstellar turbulenceusing a local three-dimensional model of the warm and hot phases of the interstellarmedium under galactic conditions. The temperature of the cold phase is not correctlyreproduced, but it is included in the sense that the scale height of the average densityis only 100 pc, and not 500 pc, which is the scale height of the warm phase alone.In this paper we present results both for single SNs and multiple interacting SNs.2. THE MODELWe take a local Cartesian frame of reference where the x-direction points awayfrom the galactic centre, y in the azimuthal direction and z along the rotation axis.The centre of the box is moving on a circular orbit with radius R and angular velocity
0 about the galactic centre. We de�ne a shear parameter q = �@ ln
=@ ln r, wherer is the distance from the rotation axis. In the solar neighbourhood 
 / r�1, whichyields q = 1. In our local frame of reference the shear in angular velocity translates toa linear shear velocity u(0)y = �q
0x (Wisdom & Tremaine, 1988). In the followingwe solve for the deviations u from this basic ow. We solve the uncurled inductionequation for the magnetic vector potential, the momentum equation, the energyequation and the continuity equation, which we can write in the following form:DADt = u�B+ q
0Ayx̂� ��0J; (1)DuDt = �u � ru+ g� 1�rp+ f (u) + 1�J�B+ 1�r � �; (2)2 Studia geoph. et geod. 42 (1998)



Driving Galactic Turbulence by Supernova ExplosionsDeDt = �u � re � p�r � u + 1�r � (��re) + 2�S2 + ��0� J2 + �� + �; (3)Dln �Dt = �u � r ln ��r � u; (4)where the time derivative D=Dt = @=@t + u(0)y @=@y includes the transport by ourbasic ow. In equation (2) the term f (u) = 
0(2uy;�(2�q)ux; 0) describes epicyclicdeviations from the purely circular rotation, which arise from the Coriolis forceFC = �2 
� u and part of the inertia force �uxdu(0)y =dx = q
0ux. The gravity inthe vertical direction is assumed to beg = �z� csH �2 �1 + � zH �2��1=2 ; (5)where cs is the isothermal sound speed and H is the scale height of the disc. Theloss term �� in the energy equation describes the radiative cooling of the interstellarmedium. The cooling function � = �iT �i ; Ti � T < Ti+1, is adopted from V�azquez-Semadeni et al. (1996). Temperature T is measured in Kelvins and � in ergs�1 g�2cm3 (see Table 1). The energy source term describing the heating due to supernovaexplosions is � = g(t)ESN�V ; (6)where ESN is the explosion energy, V = �x �y �z is the explosion volume, �x =�y = �z is our spatial resolution and g(t) = 1 when t1 � t � t2. We assumethat supernovae are randomly distributed in the galactic disc having an explosionrate � per unit area. In the vertical direction the distribution is considered to beexponential with scale height HSN , which yields the explosion rate per unit volume�(z) = �2HSN e�jzj=HSN : (7)The remaining quantities have their usual meaning: J = ��10 r �B is the currentdensity, �0 the vacuum permeability, � the kinematic viscosity, � = 2��S the stresstensor, Sij = 12 �@jui + @iuj ;� 23�ij@kuk�, � the magnetic di�usivity and � the ther-mal di�usivity. We assume a perfect gas law p = �e( � 1) with  = cp=cv = 5=3.The temperature is related to the internal energy by e = cvT .We assume stress-free, electrically insulating boundary conditions at the top andthe bottom of the box (along the z-direction), i.e.@ux@z = @uy@z = uz = @e@z = @Ax@z = @Ay@z = Az = 0: (8)In the azimuthal (y) direction periodic boundary conditions are applied, and bound-ary conditions are quasi-periodic in the radial (x) direction accounting for the e�ectof the shear ow: F (Lx; y; z) = F (0; y + q
0Lxt; z), where F represents any of theeight dependent variables.Studia geoph. et geod. 42 (1998) 3



Maarit Korpi et al.Equations (1){(3) are solved numerically using the third-order Hyman (1979)scheme for the time stepping and a sixth-order compact scheme for the spatialderivatives (Lele, 1992). We adopt arti�cial viscosities to capture shocks and hy-perviscous uxes to stabilize advection and waves. The shock capturing viscosityis nonvanishing in the regions where �r � u > 0 and proportional to �r � u there.The hyperviscosity is proportional to the modulus of the ratio of the third to the�rst derivative of the velocity �eld. A more detailed description of the code is givenin Brandenburg et al. (1995). The code was validated examining single nonradia-tive SN explosions, for which a simple analytical solution can be obtained usingself-similarity arguments (Sedov, 1959). The density, temperature, pressure andvelocity pro�les were found to be in agreement with the analytical solution.We take a box of dimensions Lx = Ly = Lz = 0:5 kpc located at reference radiusR = 10 kpc in the Galaxy. We use a numerical resolution of 81�81�81 correspondingto �x = �y = �z = 6:2 pc. We take the angular velocity in the solar neighbourhoodto be 
0 = 25 km s�1 kpc�1. We have an initially uniform internal energy e = e0,where e0 is determined by the isothermal sound speed cs = p( � 1) e0, which weset to be 10 km s�1. We adopt hydrostatic equilibrium initially with� = �0 exp 1�r1 + � zH �2! ; (9)corresponding to the gravity adopted, Eq. (5), where H = 100 pc is the scale heightof the galactic disc and �0 = 2 � 10�24 g cm�3 is the average density in the galacticmidplane. Initially we assume u = 0. We apply uniform azimuthal magnetic �eldB = (0; sin(�z=Lz); 0), whose strength is of the order of 1�G.We use parameters describing type II SNs, because type I SNs have lower galac-tic frequency and larger scale height and therefore contribute less to events in ourcomputational domain. We take HSN = 90 pc and � = 1:2 � 10�5 kpc�2 yr�1. Thesevalues give approximately one SN in every 330 000 years in the galactic midplane.We consider explosions releasing the energy ESN = 1051 erg, which occur in a singlegridpoint corresponding to the explosion volume V = �x3.Table 1. The cooling function usedTi [K] �i [ erg s�1g�2cm3] �i100 1:14 � 1015 2:0002000 5:08 � 1016 1:5008000 2:35 � 1011 2:867105 9:03 � 1028 �0:6504 Studia geoph. et geod. 42 (1998)



Driving Galactic Turbulence by Supernova Explosions

Fig. 1. Typical snapshot of a run with multiple SNs. These plots are xy-slices at the galacticmidplane. Panel (a) shows velocity �eld and panel (b) magnetic �eld superimposed ondensity contours at t=4.4 Myr. The scaling of the velocity �eld is logarithmic due to thelarge contrast between the velocities in young and old remnants. Darkest colour representsdensity 6 � 10�24 g cm�3 and the lightest 10�27 g cm�3. Maximum velocity in these plots isof order 300 km s�1 and maximum magnetic �eld strength is of order 2 �G.3. RESULTSIn our model SNs are modelled as instantaneous explosive events releasing largeamounts (1051 ergs) of thermal energy. This thermal energy is e�ciently convertedto kinetic energy during the �rst 500 years of the supernova remnant's (hereafterSNR) evolution. During the free expansion phase, when the mass of the initial ejectastill exceeds the swept-up mass, expansion velocities up to 1200 km s�1 are presentStudia geoph. et geod. 42 (1998) 5
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Fig. 2. Magnetic and kinetic energy spectra in a run with multiple SNs. In these plotsthe units of kinetic and magnetic energy are [EK ] = [EM ] = 3 � 1050 erg and the unit ofwavenumber is [k] =kpc�1. In panel (a) the kinetic energy spectrum at t = 1:4 Myr (dotted)and t = 3:0 Myr (solid) is plotted. A spectrum with spectral index consistent with k = �2is observed at both times. Panel (b) shows the kinetic energy spectrum at t = 4:4 Myr,when the spectral index is approximately k = �5=3. Panels (c) and (d) show magneticenergy spectrum at t = 1:4 Myr (dotted), t = 3:0 Myr (dashed) and t = 4:4 Myr (solid).In panel (c) spectra of radial and vertical components are plotted and panel (d) shows thespectra of the azimuthal component. At t = 1:4 Myr radial and vertical components arecharacterized by a spectrum close to k = �1, but later on they show spectrum with spectralindex consistent with k = �3=2. During the early stages the azimuthal component of themagnetic �eld shows a spectrum with spectral index k = �3=2, but later on the slope getssteeper.yielding a Mach number Ma�100, and a shock forms. Single SN remnant at theshock stage was found to produce a kinetic energy spectrum with spectral indexk = �2 at scales 35{80 pc. The initially ubiquituous azimuthal magnetic �eld (1�G) is expelled from the interior of the remnant, and radial and vertical magnetic6 Studia geoph. et geod. 42 (1998)



Driving Galactic Turbulence by Supernova Explosions�elds are produced from the azimuthal one. The azimuthal magnetic �eld shows apower-law spectrum with spectral index close to k = �3=2, while the weaker radialand vertical components have a spectral index k = �1.After 2 Myr the propagation velocity of the shock front drops below the ambientsound speed and the shock dies out. There is still a cool dense shell with a hotinterior left from the SN explosion. During this dense shell stage Coriolis force andlarge-scale shear due to galactic rotation become signi�cant, because the diameterof the remnant is larger. Large-scale shear stretches the remnant and it becomeselliptically shaped. Radial expansion gives rise to Coriolis force, which generates atangential velocity component and causes the remnant to counterrotate as a whole.These processes, and possibly also thermal instability for T > 105 K due to theproperties of our cooling function (cf. Table 1), produce some small scale motionsinside the remnant. Vorticity production, however, was found to be weak.When we allow for multiple SNs there are both young SNs driving shock wavesand older remnants at the dense shell stage, and also SN interactions are possible.In Fig. 1a,b a typical snapshot of a run with multiple SNs is presented showingSNs at di�erent evolutionary stages. During the �rst 3 Myr, when there are equalamounts of shock fronts and dense shells, but no supernova interactions, kineticshock spectrum with spectral index k = �2 is observed (see Fig. 2a), which indicatesthat the vorticity production due to galactic rotation and Coriolis force acting onthe older remnants is less important. The observed shock spectrum is wider thanin the case of single SN (20{125 pc) because there are remnants of di�erent sizes.The more important role of older remnants is to produce density uctuations in theinterstellar medium. They produce \clumps", where the density contrast �max=�minbetween the cool dense shell and the interior can be 800 or even more. Whenyoung SNs having large amounts of kinetic energy collide with these older remnants,the propagation velocity of the shock front changes due to the changing density,and vortical motions are generated. When both of the colliding remnants are veryenergetic, reections are also possible (see Fig. 1a), but their e�ect is essentially thesame. These interactions occur often after 3 Myr, and after 4.4 Myr kinetic energywith spectral index k = �5=3 is observed indicating that the vortical motions havebecome dominant (see Fig. 2b). In the regions where supernova interactions occurthe degree of magnetic �eld compression is higher and generation of radial andvertical magnetic �eld is enhanced. Instead of having spectral index k = �1, like inthe isolation stage (t = 1:4 Myr), a spectrum with k = �3=2 is observed after 4.4Myr (see Fig. 2c). 4. CONCLUSIONSIn the present paper we have investigated some general properties of SN driveninterstellar turbulence. For single SN explosions we found that there are two majorstages governing the evolution of a SN: a shock stage, when a shock spectrum isobserved, and a dense shell stage, when galactic rotation and Coriolis force act onthe remnant. We also allowed for multiple SNs distributed randomly in the galacticStudia geoph. et geod. 42 (1998) 7



Maarit Korpi et al.plane but exponentially in the vertical direction. At t = 3:0 Myr, when there wereequal amounts of SNs at the shock and dense shell stage and no SN interactions,we observed a wide shock spectrum in the kinetic energy. This indicates that thevorticity production via galactic rotation and Coriolis force is weak compared toshock production. SN interactions, however, were found to signi�cantly amplify thevortex mode.We have not made any experimentations with di�erent SN parameters (�, HSN),which are especially important determining the frequency of supernova interactions.Furthermore we did not include type I SNs because of their lower galactic frequencyand larger HSN . Because of the density strati�cation, matter and magnetic �eldstend to escape to the halo due to type II SN explosions. Therefore the role of typeI SNs, occuring at higher latitudes, might be very important causing downwardmotions to compensate the escape of matter and magnetic �elds. Another interestingquestion, which is also out of the scope of this paper, is whether this kind of ow iscapable of dynamo action or not. In future work we try to answer these questions.Acknowledgements: We thank Anvar Shukurov and Javier Sanchez-Salcedo for fruitfulldiscussions and suggestions. This work was supported by the EC Human Capital andMobility Networks project \Late type stars: activity, magnetism, turbulence" No. ER-BCHRXCT940483Manuscript received: 13th November, 1997; Revisions accepted:ReferencesBalbus, S. A. and Hawley, J. F., 1991: A powerful local shear instability in weakly mag-netized disks. I - Linear analysis. II - Nonlinear evolution. Astrophys. Journal, 376,214-233Beck, R., Brandenburg, A., Moss, D., Shukurov, A. and Sokolo�, D., 1996: Galactic mag-netism: Recent developments and perspectives. Annu. Rev. Astron. Astrophys., 34,155-206Brandenburg, A., Nordlund, �A., Stein, R. F. and Torkelsson, U., 1995: Dynamo-generatedturbulence and large-scale magnetic �elds in a Keplerian shear ow. Astrophys. Jour-nal, 446, 741-754Ferri�ere, K., 1996: Alpha-tensor and di�usivity tensor due to supernovae and superbubblesin the galactic disk near the Sun. Astron. Astrophys., 310, 438-455Fleck, R. C., 1981: On the generation and maintenance of turbulence in the interstellarmedium. Astrophys. Journal, 246, L151-L154Hyman, J. M., 1979: A Method of Lines Approach to the Numerical Solution of Conserva-tion Laws, In: Adv. of Computation Methods for Partial Di�erential Equations, VolIII, Publ. IMACS (ed. R. Vichnevetsky & R. S. Stepleman), pp. 313-343Lele, S. K., 1992: Compact �nite di�erence schemes with spectral-like resolution. J. Comput.Phys., 103, 16-42Ostriker, J. P. and McKee, C. F., 1988: Astrophysical blastwaves. Rev. Mod. Phys., 60,1-68Parker, E. N., 1955: Hydromagnetic dynamo models. Astrophys. Journal, 122, 293-3148 Studia geoph. et geod. 42 (1998)



Driving Galactic Turbulence by Supernova ExplosionsParker, E. N., 1992: Fast dynamos, cosmic rays and the galactic magnetic �eld. Astrophys.Journal, 401, 137-145Rosen, A. and Bregman, J. N., 1995: Global models of the interstellar medium in diskgalaxies. Astrophys. Journal, 440, 634-663Sedov L. I., 1959, In: Similarity and Dimensional Methods in Mechanics, Infosearch Ltd.,LondonSteenbeck, M., Krause, F. and R�adler, K.-H., 1966: On the dynamo theory of stellar andplanetray magnetic �elds, I. A. C. dynamos of solar type. Astron. Nachr., 291, 49-84,[English translation: Roberts and Stix (1971) pp. 147-220]V�azquez-Semadeni, E., Passot, T. and Pouquet, A., 1996: Inuence of cooling-induced com-pressibility on the structure of turbulent ows and gravitational collapse. Astrophys.Journal, 473, 881-893Wisdom, J. and Tremaine, S., 1988: Local simulations of planetary rings. Astron. Journal,95, 925-940Ziegler, U., Yorke, H. W. and Kaisig, M., 1996: The role of supernovae for the galacticdynamo I. The full alpha-tensor for uncorrelated explosions. Astron. Astrophys., 305,114-124Zweibel, E. G. and Heiles, C., 1997: Magnetic �elds in galaxies and beyond. Nature, 385,131-136

Studia geoph. et geod. 42 (1998) 9


