
NATURE, 399, 558-560, 10 June 1999Detetion of an impat-generated dust loud aroundGanymedeHarald Kr�uger, Alexander V. Krivov�, Douglas P.Hamiltony, Eberhard Gr�unMax-Plank-Institut f�ur Kernphysik, Postfah 103980, 69029Heidelberg, Germany� Astronomial Institute, St. Petersburg University, 198904St. Petersburg, Russiay University of Maryland, College Park, MD20742-2421,USADust is ubiquitous in the solar system, being es-peially onentrated in the Zodiaal loud andin the ornate ring systems surrounding the gi-ant planets. Individual dust grains in eah ofthese environments are thought to be gener-ated by impat ejetion from larger parent bod-ies, but until now no diret measurements ofthis important physial proess have been made.Here we report on the �rst in-situ detetionsof a signi�ant amount of sub-mirometre dustwithin a few radii of Jupiter's massive iy satel-lite Ganymede. Measurements of impat dire-tions, impat speeds, and the mass distributionof the dust indiate that the dusty material em-anates from Ganymede, and the data are onsis-tent with seondary ejeta kiked o� the moon'ssurfae by the hyperveloity impats of inter-planetary dust. Enhaned dust uxes near Cal-listo and Europa suggest that these iy satellitesare also good soures of dusty debris.The Galileo spaeraft, orbiting Jupiter sine 7 Deem-ber 1995, is equipped with an impat ionisation dustdetetor [1℄ [2℄, whih measures the plasma loud re-leased upon impat of submirometre and mirometredust partiles onto its sensor. Masses and impat speedsof the grains are determined from the measured ampli-tudes and rise times of the impat harge signals onthree hannels [3℄. Eah impat event is lassi�ed intoone of four quality lasses, with lass 3 being dust im-pats and lass 0 being noise. Depending on the noiserate of the harge measurements on the individual han-nels, lasses 1 and 2 an be true dust impats or noiseevents [3℄ [4℄. Sine lass 2 events were relatively noise-free during the Ganymede ybys, here we analyse theombined lass 2 and lass 3 data set.During lose ybys of the Galilean moons, the overallimpat rate of dust grains measured by the dust sen-

sor showed a sharp peak within about half an hourentered on losest approah to eah satellite [5℄ [6℄[7℄. Conentrations of dust were observed for Europa,Ganymede, and Callisto, with the Ganymede data setbeing the most omplete; during the ombined primaryand Galileo Europa Mission (GEM), Galileo had fourlose ybys at Ganymede, and no further enounterswith this satellite are planned in the future. The timesof the Ganymede ybys are given in Tab. 1, and thegeometry of the Galileo dust detetions is explained inFig. 1.The diretion in whih the sensor was pointing duringdust impats (rotation angle, �) at the Ganymede en-ounters is shown in Fig. 2. During the �rst three en-ounters (G1, G2 and G7) partiles with 180Æ � � <360Æ were deteted at altitudes below 4RG (Ganymederadius, RG = 2; 635 km) and were onentrated towardsGanymede. Partiles reorded from the opposite dire-tion (0Æ � � < 180Æ) did not show suh a onentration[6℄.Analysis of the veloity vetor of Ganymede relative toGalileo, taking into aount the 140Æ �eld of view ofthe dust detetor [1℄, shows that partiles belonging toa dust loud around Ganymede ould be deteted with� = 270Æ � 90Æ during all four enounters. Thus, par-tiles with 180Æ <� � <� 360Æ deteted during the �rstthree ybys are ompatible with having a Ganymedeorigin. We will all them Ganymede partiles. Partilesdeteted from the opposite diretion (0Æ � � < 180Æ)are streams of ten-nanometre dust grains [8℄ [9℄ whihprobably originate from Io [6℄ [7℄ [10℄. They are notonsidered here.Thirty-�ve Ganymede partiles have been identi�edfrom the �rst three enounters purely by their impatdiretion (Tab. 1). The measured impat speeds ofmost Ganymede partiles from these enounters are be-low 10 km s�1 with a mean value of 7:0 � 4:8 km s�1[11℄. The stream partiles, by ontrast, have typial im-pat speeds as derived from the instrument's alibrationwhih are muh higher than 10 km s�1. Although theinstrument alibration probably signi�antly underesti-mates the true speeds of the tiny dust stream partiles[12℄, the alibrated impat speeds an be used to sep-arate Ganymede partiles from the dust streams (low-est panel of Fig. 2). The measured impat speeds ofGanymede partiles agree well with the expeted impatspeeds for debris moving with Ganymede, � 8 km s�1for all enounters, whih suggests that these grains doindeed originate from Ganymede.During Galileo's fourth Ganymede yby (G8), both duststreams and Ganymede partiles approahed the sensorfrom the same diretion (180Æ � � < 360Æ). Based ondata from the �rst three enounters, we adopt the fol-1



lowing two riteria to separate Ganymede partiles fromdust streams: 1) Ganymede partiles must be within5RG of the satellite and 2) The measured impat speedmust be less than 10 km s�1. Nine partiles satisfy theseriteria (Tab. 1).To haraterise the dust loud of Ganymede, we derivedboth mass and spatial distributions for the detetedgrains. The slope of the umulative mass distributionfor partiles in the mass range 10�16 kg �M � 10�13 kgis � = 0:98� 0:06 [11℄. This is onsistent with the typi-al slopes one expets for ejeta (0:5 <� � <� 1:0 [13℄[14℄).The spatial distribution of the dust grains is shown inFig. 3. During the �rst three enounters (G1, G2 andG7) the number density inreases towards Ganymede,with power law slopes ranging between -0.43 and -2.85.For the G8 enounter, no onentration of partiles to-wards Ganymede is seen, perhaps due to unertaintiesimposed by the separation from the stream partilesand the large orretion for inomplete transmission.The onentration of dust towards Ganymede leaves nodoubt that the satellite itself is the soure, sine its grav-itational and eletromagneti fores are too weak to ap-preiably fous interplanetary and/or interstellar dust.Sine there are no indiations for geysers or volanoeson Ganymede, the most likely soure is the ontinuousejetion of debris via bombardment of Ganymede's sur-fae by interplanetary mirometeoroids.In Figure 3, we ombine the data from all fourGanymede ybys on a single plot. In interpreting theplot, we make two impliit assumptions, namely thatthe ux of dust released from Ganymede is onstant intime and is onstant over the satellite's surfae. Theseassumptions, are probably not entirely true, but are a-urate enough to allow simple order-of-magnitude es-timates to be made. Most ejeta grains follow ballis-ti trajetories and reimpat Ganymede within severalhours to a few days. These short-lived but ontinuously-replenished grains form a tenuous steady-state debrisloud whih entirely envelopes Ganymede. Our mea-surements suggest a surprisingly large amount of orbit-ing ejeta in Ganymede's debris loud: a steady-statevalue of roughly ten tons with a fator of 10 unertainty.The solid urve in Fig. 3 shows the preditions of animpat ejeta model [15℄ [16℄ [11℄, in whih the inter-planetary dust partiles strike the surfae of Ganymede,ejeting seondary partiles. After hoosing plausiblevalues for the interplanetary mirometeoroids ux andthe physial properties of Ganymede's surfae, we �ndthat the model preditions �t the dust data reasonablywell.Thus, our measurements and dynamial modellingstrongly suggest that the dusty debris near Ganymede isprodued by a ontinuous hail of interplanetary partiles

whih strike the moon with enough energy to aeler-ate dusty debris o� its surfae. Similar louds probablysurround Europa and Callisto and, indeed, any satellitethat laks a gaseous atmosphere. The few previous at-tempts to diretly detet dust lose to satellites, mostnotably near the Moon [17℄, have led to inonlusiveresults. Our suessful detetion of dust in the viin-ity of the large Jovian satellites undersores the generalnature of the proess and, in an ironi example of om-parative planetology, provides strong support that ourown Moon is a soure of dust in near-terrestrial spae.A tiny fration of impat debris is ejeted at speedssuÆient to esape from Ganymede entirely. This ma-terial goes into orbit around Jupiter and will eventuallybe swept up by one of the Galilean satellites | thesegrains are probably responsible for some of the impatevents deteted by the dust instrument in the inner Jo-vian system [5℄ [6℄. Unfortunately, the ring of mate-rial formed by these grains esaping from Ganymede isfar too tenuous to be deteted optially. However, thefration of debris esaping a satellite is a steeply de-reasing funtion of satellite mass, so steep that despitetheir redued ross setions, small moons may be bettersoures of dust than large satellites [18℄. This is mostlearly exempli�ed in the new images of the Jovian ringprovided by Galileo. The images show that the twotiny innermost moons, Adrastea and Metis, are souresfor the main Jovian ring and dusty halo, while Thebeand Amalthea eah give rise to a faint outer gossamerring of dusty material [19℄[20℄. Medium-sized satellitesan also produe detetable rings: at Saturn the moonEneladus supplies material to the broad and tenuousE ring [21℄ whih, nevertheless, is substantial enough tobe visible to ground-based telesopes. Impat ejetionof dusty debris is likely to be important for explainingthe distintive blak-white asymmetry of Saturn's moonIapetus[22℄, for transporting exogenous material to Ti-tan [23℄[22℄, and for produing dust in the Uranian[24℄and Neptunian ring systems[25℄.Future spaeraft measurements near satellites willquantify this important dust prodution mehanism,and will provide ritial insight into the impat gene-sis of dusty rings. The next spaeraft likely to makein-situ measurements of impat-generated grains is No-zomi (formerly alled Planet-B). It will attempt to de-tet dust belts aroundMars, whih are predited to orig-inate from impats onto Phobos and Deimos [26℄[27℄. Inmid 2004, the Cassini spaeraft will arrive at Saturn.Cassini, whih is equipped with an improved version ofthe Galileo dust instrument, will make numerous passesnear the Saturnian satellites and will y through thetenuous E ring, thereby sampling both the bound andesaping omponents of Eneladus ejeta.2
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TablesTable 1: Satellite enounter harateristis anddust impat detetions. Galileo satellite ybys arelabelled with the �rst letter of the Galilean satellitewhih was the enounter target during that orbit, fol-lowed by the orbit number (olumn 1). C/A = Clos-est Approah. Galileo's data transmission apability isvery limited beause its high-gain antenna failed to openompletely. Although eah impat event is ounted, thefull set of measured parameters (impat diretion, im-pat harge, harge rise times, et.) is not always trans-mitted to Earth. During the satellite enounters, thetransmission rate was roughly one full impat parame-ter set per minute. The higher impat rates experienedduring the G1, G2, and G8 enounters resulted in loss ofsome data. Beause all impats were ounted, however,we an derive the true number of Ganymede partiles(olumn 5) by multiplying the total number of impats(from all diretions) by the fration of Ganymede par-tiles for whih we have full data sets (olumn 4) [11℄.Flyby Time Altitude Partiles Corretedof C/A at C/A with full number ofdata set partiles[year-day℄ [km℄(1) (2) (3) (4) (5)G1 96-179.270 844 15 30G2 96-250.791 262 9 48G7 97-095.299 3095 11 11G8 97-127.665 1596 9* 49* Only partiles with veloity v � 10 kms�1 and below 5RGaltitude inluded.
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Figure 1: Galileo's trajetory and geometry of dust de-tetion during the G7 Ganymede yby. The Galileospaeraft is skethed in an orientation it was in dur-ing the yby: the antenna points towards Earth andthe dust detetor faes the anti-Earth hemisphere. Thedust detetor (DDS) has a onial �eld of view (FOV) of140Æ and is mounted at an angle of 60Æ with respet tothe positive spin-axis (anti-Earth diretion). As Galileospins about the spaeraft-Earth line, the dust detetoraxis sweeps out a one with 120Æ opening angle, sam-pling dust arriving from di�erent diretions. Here, thedust detetor is shown in an orientation where partilesbelonging to a loud of dust from Ganymede an be de-teted (rotation angle � � 270Æ). Dust stream partilesapproah from the opposite diretion (Jupiter diretion,� � 90Æ).
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Figure 2: Sensor diretion (rotation angle, �) versus al-titude of Galileo above the surfae of Ganymede at thetime of dust impat for all four Ganymede enounters.The altitude range shown orresponds to a time intervalof 1.6 hours. At � = 0Æ the sensor axis points losest toelipti north, at 90Æ it points losest to the diretion ofJupiter. The diretion to Ganymede is about 270Æ dur-ing approah. Here we plot only impats for whih wehave a omplete set of parameters. The apparent on-entration of these partiles within 5RG is due to aninreased data transmission rate near Ganymede. Cir-les show partiles with impat speeds below 10 km s�1and rosses show partiles with higher speeds. The sym-bol sizes indiate the impat harge reated by the par-tiles (10�14C � Q I � 10�11C). Ganymede's radiusis RG = 2; 635 km. Galileo did not pass through thealtitude ranges between the dotted lines. For G1, G2and G7 Ganymede partiles approahed from the oppo-site diretion (180 < � � 360Æ) than the stream par-tiles (0 < � � 180Æ). In G8 both types of partilesapproahed from the same diretion and they an beseparated by their impat speed only.
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Figure 3: The number density of dust as a funtionof altitude above the surfae of Ganymede. To obtainthe number density from the data (symbols with errorbars), we de�ned altitude bins equally spaed outwardfrom Ganymede on a logarithmi sale (indiated byhorizontal bars) and divided the number of partiles forwhih the omplete set of parameters has been transmit-ted to Earth in a given distane bin by the time Galileohas spent in this bin. We orreted for inomplete datatransmission (Tab. 1) and divided the rates by the ef-fetive spin-averaged detetor area to obtain uxes in[m�2 s�1℄. Finally, we divided the results by the meanimpat veloity for a given yby, whih results in meannumber densities [m�3℄ in various bins. Vertial errorbars reet statistial errors due to the small numberof impats. The solid urve is the theoretial distri-bution of the impat ejeta expeted for interplanetaryimpators with a plausible set of model parameters [15℄[16℄ [11℄.
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