A 992 G ops sim ulation of blac k holes in a galactic cen ter on GRAPE-6 Junic hiro Makino � , T oshiyuki F ukushige and Masaki Koga � Departmen t of Astronom y , Sc ho ol of Science, Univ ersit y of T oky o, T oky o 113-0033, Japan Email: makino@astron.s.u-toky o.ac.jp Departmen t of General System Studies, College of Arts and Sciences, Univ ersit y of T oky o, T oky o 153-8902, Japan Abstract As an entry for the 2000 Gor don Bel l p erformanc e prize, we r ep ort the p erformanc e achieve d on a pr ototyp e GRAPE-6 system. GRAPE-6 is a sp e cial-purp ose c omputer for astr ophysic al N -b o dy c alculations. The pr esent c on�gur ation has 64 custom pip eline pr o- c essors, e ach c ontaining six pip eline pr o c essors for the c alculation of gr avitational inter- actions b etwe en p articles. Its the or etic al p e ak p erformanc e is 1.926 T ops. The c omplete GRAPE-6 system wil l c onsist of 3072 pip eline chips and wil l achieve a p e ak sp e e d of 100 T ops. The actual p erformanc e obtaine d on the pr esent 64-chip system was 992 G ops, for a simulation of massive black holes emb e dde d in the c or e of a galaxy with 786,432 stars. 1 In tro duction The structure and dynamics of the cen tral region of galaxies is an imp ortan t �eld of research in astroph ysics. Of particular interest is the existence of massiv e blac k holes. Observ ations using the Hubble Space T elescop e ( e:g : , [vv98]) and large in terferometer arra ys ( e:g : , [MMH + 95]) ha v e shown that man y galaxies host cen tral massiv e ob jects with a mass million or ev en billion times larger than that of the mass of our sun. The most direct observ ational evidence for the existence of a massiv e blac k hole is for the presence of a blac k hole in the v ery core of our own galaxy [EOG99]. Here, thanks to our close proximit y , observ ers can no w see individual stars with a distance of less than 0.01 parsecs from the cen tral massiv e ob ject and measure their radial (line of sigh t) v elo cities as w ell as tangential velocities (through prop er motion measurements). All evidence is quite consisten t with the existence of a massiv e blac k hole with a mass of 2 : 7 � 10 6 M � (here M � is one solar mass) at the cen ter of the galaxy . 1

The evidence for the existence of blac k holes in distan t galaxies is less direct. Nonethe- less, there is no w little doubt that most galaxies host massiv e cen tral ob jects, whic h are most likely massive blac k holes. Among these massiv e blac k holes, those in large elliptical galaxies are kno wn to b e the most massiv e. The mass of blac k holes in normal spiral galax- ies is typically sev eral million solar masses. The mass of blac k holes in elliptical galaxies is m uc h larger, typically more than a h undred million solar masses. Ho w are suc h massiv e blac k holes formed? Ho w is their formation pro cess related to the formation pro cess of the galaxy itself ? Wh y do elliptical galaxies ha v e more massive blac k holes than spiral galaxies? In order to answ er these questions, we need to in terpret observ ations with the help of numerical exp erimen ts (sim ulations). The standard theory of the formation of elliptical galaxies is that they are formed through merging of smaller galaxies, either spiral galaxies or elliptical galaxies [TT72]. Numerical sim ulations of galaxy merging hav e demonstrated that this theory explains many observ ed features of elliptical galaxies v ery w ell. When tw o spiral galaxies merge, the gas in the disk of a galaxy is strongly p erturb ed b y the gra vitational force from the other galaxy , and tends to concen trate in to the cen tral region of the galaxy well b efore tw o galaxies actually merge. Suc h a high-densit y gas results in v ery high star forming activit y , which is observ ed in man y in teracting galaxies. Also, some of the gas would ev en tually b e absorb ed b y the cen tral blac k hole. Th us, when t w o galaxies �nally merge, the blac k holes hav e b ecome m uc h more massive than their original mass, and most of the gas in the galaxies is lost. These black holes will settle in the cen ter of the merger galaxy , through the dynamical friction from other stars in the galaxy . In other w ords, the galaxy that is the pro duct of the merger of t w o galaxies is likely to ha v e t w o blac k holes in the cen ter. What will happ en to these t w o blac k holes? These blac k holes form a b ounded pair (binary), and the binding energy of the binary increases o v er time through dynamical friction. If the dynamical friction remains e�ectiv e un til the separation of the t w o blac k holes in the binary b ecomes small enough for the gra vitational radiation to shrink the separation further, the tw o blac k holes will merge. Suc h mergings of t w o massiv e blac k holes w ould emit strong gra vitational wa v e whic h will b e observ able through space-based gra vitational wa v e detectors such as LISA [JCR94]. Ho w ev er, N -b o dy sim ulations of the ev olution of binary blac k holes in the cen ter of a galaxy [ME96, Qui96, Mak97, QH97] ha v e suggested a di�eren t picture. Before the separation of the blac k holes b ecomes small enough, the binary blac k hole exp els almost all the stars in its vicinity , resulting in a region dev oid of stars. As a result, dynamical friction from �eld stars b ecomes ine�cien t. N -b o dy sim ulations of binary black holes in the cen ter of the galaxy p ose n umerically v ery tough problems. There are sev eral reasons wh y these are tough. In order to obtain a reliable result, w e need to use as man y particles (stars) as p ossible, to reduce the nu- merical relaxation e�ects. Here, n umerical relaxation denotes the e�ect that stars c hange their v elo cit y randomly through encoun ters with other stars. The strength of this e�ect is prop ortional to 1 = N , where N is the n um ber of stars in the system. In the limit of N ! 1 , this e�ect b ecomes zero. In real galaxies, this e�ect exists, but is v ery small. In n umerical sim ulations with, sa y , 10 5 stars, this e�ect is sev eral orders of magnitude larger than that 2 in real galaxies. Another reason is that the sim ulation should co v er a v ery wide range in timescales. T ypical stars in a galaxy hav e orbital timescales of 10 8 y ears, and therefore the timestep necessary to integrate the orbit of these stars accurately is around 10 5 years. The orbital p erio d of the black hole binary can b e an ywhere b et w een 10 6 y ears and 10 min utes. Of course, w e do not need to follo w a binary with an orbital p erio d of 10 min utes for a long time, since the blac k holes w ould merge in a few orbital p erio ds anyw a y . Ho w ev er, in order to see if gra vitational radiation b ecomes e�ective or not, w e need to follow binaries with an orbital p erio d of ab out one y ear. Th us, it is crucial to assign di�erent timesteps to di�erent stars (using individual timestep algorithms, [Aar63]). This requirement to handle a wide range of the timescales leads to the additional re- quiremen t of v ery high accuracy , simply b ecause blac k holes and stars close to blac k holes are in tegrated for a v ery large num b er of orbits. The gra vitational forces on particles should b e calculated to high accuracy . The orbits should also b e in tegrated with high accuracy . These tw o requiremen ts of a wide range in timescales and high accuracy mak es the n umerical sim ulation v ery di�cult. In particular, no one has succeeded to use the tree algorithm for this kind of problem. The tree algorithm is no w widely used for sim ulations of the formation and ev olution of galaxy clusters, galaxy groups and individual galaxies. Ho w ev er, in these calculations the cen tral regions of galaxies are not correctly mo deled. It is not imp ossible to com bine the individual timestep approach with a tree algorithm [MA93], and achiev e high accuracy at the same time. Ho w ev er, in order to obtain astro- ph ysically useful results from suc h a co de, parallelization is necessary in order to obtain high calculation sp eeds, and that p oses a di�cult problem. In fact, ev en without tree algorithm, the implemen tation of the individual timestep algorithm on massiv ely parallel computers turned out to b e indeed a di�cult problem. The reason is that w e need a v ery low-latency net w ork whic h can p erform broadcast or global reduction, or preferably b oth. The fraction of the stars with v ery small timestep is small, but since they ha v e suc h small timesteps, a large fraction of the total calculation time is sp en t to obtain gra vitational forces on them. So w e ha v e to e�cien tly parallelize the calculation of the force on a small n um b er of particles. One can get go o d p erformance on v ector pro cessors, shared-memory multiprocessors, and small-scale distributed-memory parallel computers with a v ery lo w-latency net w ork, but with presen t large MPPs, it’s v ery di�cult to ac hiev e go o d p erformance. Blac k holes in the cen ter of a galaxy form just one example of tough problems in astroph ysics. Man y astroph ysical systems share the same c haracteristic of exhibiting a wide range in timescales. This problem arises directly from the fact that the gra vitational force is an attractiv e force with no c haracteristic scale length. In order to accelerate N -b o dy sim ulations with individual timestep algorithms, we ha v e dev elop ed a series of sp ecial-purp ose hardw ares for the force calculation [SCM + 90, MT98]. The direct force calculation is w ell suited for acceleration b y sp ecialized hardw are, b ecause of its simplicit y . The use of individual timesteps adds extra complexit y to the hardw are and soft w are, but still w e can achiev e prett y high p erformance. In the case of sp ecial- purp ose computers, it is not to o di�cult to implemen t a fast net w ork for broadcast and 3

Figure 1: Overall structure of GRAPE-6 system. Eigh t clusters are shown. reduction. So the latency problem of general-purp ose massiv ely parallel computers is solv ed b y hardware. It should b e noted that the use of GRAPE hardw are is not limited to direct summation. GRAPE can ac hiev e prett y high p erformance for the tree algorithm, as demonstrated b y our en try for the Gordon Bell prize last y ear. In 1995, w e completed GRAPE-4[MTES97] with a p eak sp eed of 1.08 T ops. The direct N -b o dy sim ulations on this system w ere aw arded the Gordon Bell prize in 1995 (112 G ops) and 1996 (333G ops). In 1997, w e started the dev elopmen t of the GRAPE-6 system. The full GRAPE-6 system will b e completed b y y ear 2001, and will ac hiev e a p eak sp eed of 100 T ops. In this pap er, w e rep ort the p erformance of 1/48 of the total system, whic h is curren tly up and running as a testb ed. In section 2, w e describ e the GRAPE-6 system and its presen t status. In section 3, w e rep ort the sim ulation p erformed on GRAPE-6. 2 The GRAPE-6 system 2.1 Arc hitecture The GRAPE-6 system will consist of a host computer and 12 clusters. Eac h cluster has t w o I/O p orts, one for lo cal comm unication and the other for m ulticast through clusters. The m ulticast net w ork is necessary to implemen t the individual timestep algorithm e�- cien tly , but in this pap er w e do not discuss the details, and concen trate on a single cluster. Figure 1 sho ws the o v erall structure of the GRAPE-6 system. One cluster has one host-in terface b oard (HIB), �v e netw ork b oards (NB), and 16 pro cessor b oards (PB). Eac h NB has one uplink and four do wnlinks. Th us, 16 PBs are connected to the host through t w o-lev el tree net w ork of NBs (see �gure 2). HIB and NB handles the comm unication b et w een PBs and the host. The PBs p erform the force calculation. Eac h PB houses 16 GRAPE-6 pro cessor c hips, whic h are custom LSI c hips to calculate the gra vitational force and its �rst time deriv ativ e. Figure 3 sho ws the photograph of a PB. Tw o pro cessor c hips and four memory c hips are 4

Figure 2: A GRAPE-6 cluster. First four PBs are sho wn. Other 12 PBs and interface to the m ulticast net w ork are omitted. moun ted on a daugh ter card, and eigh t daugh ter cards are mounted on a pro cessor b oard. Three large c hips on b oard are the FPGA c hips for the reduction net w ork. A single GRAPE-6 pro cessor c hip in tegrates six pip eline pro cessors for the force cal- culation, one pip eline pro cessor to handle the prediction, net w ork in terface and memory in terface (see �gure 4). One force pip eline can ev aluate one particle-particle in teraction p er cycle. With the present pip eline clo c k frequency of 88MHz, the p eak sp eed of a chip is 30.1 G ops. Here, w e follo w the con v en tion of assigning 38 op erations for the calculation of pairwise gra vitational force, whic h is adopted in resen t Gordon-Bell prize applications. GRAPE-6 calculates the time deriv ativ e, whic h adds another 19 op erations. Th us, the total n um ber of oating p oint op erations for one in teraction is 57. Eac h pip eline pro cessor of GRAPE-6 calculates the force on eigh t particles sim ultane- ously , using the virtual m ultiple pip eline (VMP) arc hitecture in tro duced with GRAPE-4. In addition, six pip elines in one c hip calculate the forces on six di�eren t sets of eigh t par- ticles. Thus, one c hip calculates the force on 48 particles. This architecture reduces the required memory bandwidth p er c hip drastically . The data stored for one particle is 64 b ytes. Therefore, if six pip elines require di�eren t data, one c hip requires 384 b ytes p er cycle, or 33.8GB/sec of the memory bandwidth. In our arc hitecture, the bandwidth re- quiremen t is reduced by a factor of 48 to 0.7 GB/s, since the same data is reused 48 times to calculate force on 48 particles. All pro cessor c hips in a cluster calculate the force on the same set of 48 particles, from di�eren t sets of particles. Th us, w e need a fast net w ork to �rst broadcast the 48 particles to all pro cessor c hips, and then summing up the result calculated on 256 c hips in a cluster. The broadcast in hardw are is prett y simple to implemen t in hardw are. The summation net w ork is implemented using FPGA c hips as no de p oin ts. Eac h FPGA c hip implemen ts a sequencer and 4-input adder. This FPGA and other circuits on b oard op erate at 1/4 of 5

Figure 3: The GRAPE-6 pro cessor b oard. Figure 4: The GRAPE-6 pro cessor c hip. 6

Figure 5: The presen t testb ed GRAPE-6 con�guration used for the sim ulation. the clo c k sp eed of the c hip. The data width for the netw ork on b oard is 32 bits. So the comm unication sp eed of an y link in the net w ork is 88MB/s. F or the link b et w een b oards, w e hav e adopted a fast semi-serial link with L VDS signal lev el, whic h can ac hiev e the ab o v e data rate with four pairs of t wisted-pair cables (the same as the standard cable for 100Mbit Ethernet). W e adopted DS90CF364AMTD and DS90C363AMTD from National Semiconductor as the L VDS devices. The structure of a NB is essen tially the same as that of the pro cessor b oard, but it carries links to the next lev el of the tree (either NB or PB) instead of the pro cessor c hips. 2.2 Dev elopmen t status As of the time of writing, w e ha v e a 4-PB system, where eac h pro cessor b oard is directly connected to the host computer without using the net w ork b oard. Figure 5 shows the structure of this system. This system has a theoretical p eak sp eed of 1.926 T ops. The host computer is a UP-2000 based Alpha (EV6, 667 MHz) b ox with tw o pro cessors and 2 GB of memory , running Compaq T ru64 UNIX. 3 Sim ulation and P erformance W e ha v e sim ulated the ev olution of a galactic n ucleus con taining triple massiv e blac k holes. As we stated in the in tro duction, curren tly av ailable n umerical sim ulations suggest that when tw o galaxies merge, their cen tral blac k holes will b e left as a binary system. Th us, when the remnan t of a galaxy merger again merges with a third galaxy , the �nal merged ob ject is lik ely to host three massiv e blac k holes. 7

The ev olution of a triple blac k hole system is en tirely di�eren t from that of a binary system, since it is very unlik ely that three blac k holes form a dynamically stable system. There are basically t w o p ossibilities for the �nal outcome. One is that one or more blac k holes will b e ejected from the galaxy through three-b o dy in teraction of blac k holes. The other p ossibilit y is that during the three-b o dy interaction t w o blac k holes come close enough that they merge through gra vitational w a v e radiation. Th us, even after blac k holes ha v e kic k ed out all nearb y stars, they can still ev olv e in a complex w a y . On the other hand, a b ound pair of tw o blac k holes is alw a ys dynamically stable. Th us, once a binary has kic k ed out all nearb y stars, the ev olution w ould b e completely halted. In our sim ulation, the galaxy is mo deled with 786,432 equal-mass stars. The black holes are mo deled as three p oin t-mass particles with a mass of 1% of the total mass of the system. The relativistic e�ects w ere negligible in our simulation. W e p erformed a sim ulation for 2.5 dynamical time units, for whic h the n um b er of in- dividual steps w as 1 : 549 � 10 9 . The whole simulation, including on-the- y analysis of the orbital elements of black holes and �le op erations, to ok 19.45 hours. The total n um- b er of oating p oin t op erations is 1 : 549 � 10 9 � 786 ; 434 � 57 = 6 : 944 � 10 16 , since one particle-particle in teraction amoun ts to 57 oating p oin t op erations. The resulting av erage computing sp eed is 992 G ops. As a short b enc hmark run, we tried the same sim ulation with 1,000,000 stars for 0.5 time units. F or this run, the total n um b er of timesteps is 2 : 407 � 10 8 , and calculation to ok 3.43 hours. The a v erage calculation sp eed w as 1.11 T ops. 4 Summary and Discussion In this extended abstract, w e presen t the p erformance ac hiev ed with astroph ysical N - b o dy sim ulations with individual timestep and direct force calculation on the GRAPE-6 sp ecial-purp ose computer. The achiev ed p erformance n um ber is 992 G ops for a long calculation with 768k particles, and 1.11 T ops for a short test calculation with 1 million particles. The n um ber of particles used is fairly large. Therefore, fast algorithms such as the Barnes-Hut tree algorithm might in principle outp erform the direct summation algorithm w e adopted here. Ho w ev er, as we’v e discussed in the in tro duction, there is no massiv ely- parallel implemen tation of tree algorithm and individual timestep with accuracy high enough for this kind of problem. Therefore, w e b elieve the sp eed w e ac hiev ed is the fastest one can do with currently a v ailable combinations of hardw are and soft w are. W e thank Piet Hut for reading the man uscript. This w ork is supp orted b y the Re- searc h for the F uture Program of Japan So ciet y for the Promotion of Science (JSPS- RFTF97P01102). References [Aar63] Aarseth Sv erre J. (1963) Dynamical ev olution of clusters of galaxies, i. MNRAS , 8

126: 223{255. [EOG99] Ec k art A., Ott T., and Genzel R. (Decem b er 1999) The Agr A* stellar cluster: New NIR imaging and sp ectroscop y . A&A , 352: L22{L25. [JCR94] Jafry Y. R., Cornelisse J., and Reinhard R. (1994) LISA - A laser in terferometer space an tenna for gra vitational-w a v e measuremen ts. ESA Journal , 18: 219{ 228. [MA93] McMillan S. L. W. and Aarseth S. J. (1993) An O(N log N) in tegration sc heme for collisional stellar systems. ApJ , 414: 200{212. [Mak97] Makino J. (1997) Merging of Galaxies with Cen tral Blac k Holes. I I. Evolution of the Blac k Hole Binary and the Structure of the Core. ApJ , 478: 58+. [ME96] Makino J. and Ebisuzaki T. (1996) Merging of Galaxies with Cen tral Black Holes. I. Hierarc hical Mergings of Equal-Mass Galaxies. ApJ , 465: 527{533. [MMH + 95] Miyoshi M., Moran J., Herrnstein J., Greenhill L., Nak ai N., Diamond P ., and Inoue M. (Jan uary 1995) Evidence for a Blac k-Hole from High Rotation V elo cities in a Sub-P arsec Region of NGC4258. Natur e , 373: 127+. [MT98] Makino J. and T aiji M. (1998) Scienti�c Simulations with Sp e cial-Purp ose Computers | The GRAPE Systems . John Wiley and Sons, Chic hester. [MTES97] Makino J., T aiji M., Ebisuzaki T., and Sugimoto D. (1997) GRAPE-4: A Mas- siv ely P arallel Sp ecial-Purp ose Computer for Collisional N-Bo dy Sim ulations. ApJ , 480: 432-446. [QH97] Quinlan G. D. and Hernquist L. (No v em b er 1997) The dynamical ev olution of massiv e blac k hole binaries - I I. Self-consistent N-b o dy in tegrations. New Astr onomy , 2: 533{554. [Qui96] Quinlan G. D. (1996) The dynamical ev olution of massive blac k hole binaries I. Hardening in a �xed stellar bac kground. New Astr onomy , 1: 35{56. [SCM + 90] Sugimoto D., Chik ada Y., Makino J., Ito T., Ebisuzaki T., and Umem ura M. (1990) A sp ecial-purp ose computer for gra vitational man y-b o dy problems. Natur e , 345: 33{35. [TT72] T o omre A. and T o omre J. (December 1972) Galactic Bridges and T ails. ApJ , 178: 623{666. [vv98] v an der Marel R. P . and v an den Bosc h F. C. (No v em b er 1998) Evidence for a 3 � 10 8 m � Blac k Hole in NGC 7052 from Hubble Space T elescop e Observ ations of the Nuclear Gas Disk. AJ , 116: 2220{2236. 9