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M51’s SPIKAL STRUCTURE

S. Howard, Los Alamos National Laboratory

G. G. B-red, University of Alabama, Tuscaloosa

The M51 system (NGC 5194/5195) provides an excellent problem both in spiral

structure and in gala--y interacticms. We present an analytic study of a computer

experiment on the excitation mechanisms for M51’s spiral arms and whether or not a

halo is important for these mechanisms. This work extends previous numerical studies

of the M51 system by including self-gravitation in a two component disk: ‘gas’ and

‘stars’, and a dark halo, The analytic study provides two ncw observational constraints:

the time (~ 70-84 million years ago) and position angle of perigalacticon (3000). Ily

using these constraints and a simple conic approximate ion, the search for the campanion’s

possible orbit is greatly simplified. This requires fewer N-body simulations than a fully

self-gravitating orbit search. Fig. 1 shows the dust lane spiral pattern of M51 overlnid

on an optical photograph. The analytically detmmined direction of perigalacticon is

indicated with a line.

We assume a mass distribution in M51 that reproduces tile observed fla’ rotation

curve (Tully, 1974). The density distribution of a finite Mestel [ 1963) disk produces a flat

rotation curve without the addition of any other components. The Mestel disk can be

embedded in an appropriate inert halo to proviclc stability against small ~crturbations.

We use a finite Mestcl disk with adjustable halo mass to disk mass ratio, ?f/D, WC

fit the plmtornctry of Burkhcad (1978) to the hkstcl mass dist ribut ion to cst imntc a

rm-lius, R.Ife, ttI, for the hfestcl disk. We find l?~~c~fe~= 15.5 kpc (distnncc = 9.6 hipc).

Schweizm ( 1977) observed NGC 519S to have a AIcJ= 110km/see for the radial vciocity

diffm-cnce between h151 and its companion. Ily amuming a luminosity lr]i~s for NGC

51 Xi hc *o found thilt the mass ratio of ~ is 1/3 to 1/2 . Wc use this vnluc as

n starting point for our simulations. Observations give ml inclination bctwccn 10° FUId

20° for h151’s disk. This tilt is too ~mall to make any rectification ncccssary,

The original version of the code was written by Miller (1976, 1978) who UHCC.Iit, to

study the Stabilty of disk galaxic~. Sumk+ius, Thomawon, Valtcmcn nml Byrd ( 19S7)

intrmlucml two di~k rompcmcnts which rvolvr ~ill][ilt[lll(x)llsly. Our cmnponcnt Iqim

‘cohl’, i. e,, with no vrlocity di~prmion, This will rqmvwnt. (Iisk gm CIOI1(lHsccu in thr

opt id nml rmlio. The other ro;nponcut Iwgim ‘wnrm’, i.e., wit h n vrlocity (Iislmrsion

jlwt qml to tlm rritirn.1 viIIIIr for stnbility ng:limt nxi~ymmrtric (Iistlwlmnrrs. This will

rolwrwwt (d(l (li~k stmi ,wm in tho IR,

Enrh simld:d i(m t.ilw Stq) = lAT=W lof” ylw wlwiv \‘ i~ t lw rotnti(m



curve velocity. For arI ll~escei = 15.5 kpc each time step is AT a 1.5”106 yrs.

WC u~d 8 Simi,! conic routine to obtain a family of orbits consistent with the

anaiytic and observational constraints. We conducted an exhaustive set of simulations

and compared the simulated galaxy with the MM observations. We eliminated those

orbits that dld not produce the proper match. Orbits with eccentricities greater than

0.6 do not develop the inner structuw in a timely fashion. Our best choice orbit has

the current z,y position on the sky of the companion correct, the AV, correct, the time

since perigalacticon correct, and the azimuth of perigalacticon correct. The morphology

matches M51’s spiral pattern. We then varied “~rn~,~”” from 0.1 to 0.5. ‘d’fim~,~’”” =

0,1 seems to work the best. This indicates that the companion may have an abnornml

mass to luminosity ratio. By varying 7i/D from 0.0 to 11.0 wc determine that these

simulations constrain fi/D to be between 1.0 and 3.0.

Our final set of orbit parameters is:

e = 0.1 i=50” a = 1.07 “&eate\

n = 280” u = 165° v = 280”

R en = 0.97. R,t{esici M.ompa.io. = +jMhm tip = 1.0to 1.5

time step 119-70 million years since perigalacticon.

Fig, 2 shows the result from a run with NtOf@l= 180,000, 30% gas. Both stars and gas

am shown, Fig. 2a shows star particles. Fig. 2b shows gas pn.rticlcs. The time step is

125. The great number of particles strengthens all the featurr” and also mmnits more

particles to participate in the outermost features. The scales arc not the mmc. The

general agreement with Fig. 1 is good.

These simulations have no collisions among the gas clouds. As m cxtrmnc tc~t of

the effect of collisions, we ran a ~imulation with gas collisions using the same pnramctcr

set out to time step 119.Fig. 3 shows the rcsultw This is n run with N = 15,000

(100%gas).The general results MC the s,nnm. Thr direction tmwnrd~ pmignlncticon is

indicated with an arrow. Gvcrlaid on this Figure arc the dust hmcs nrms from Figure

1. The match iri exccllcnt.

The orbit is rather small, yet the succoss of the tidnl mm mntch nrgucs tlmt tlIiH

p,nmmgc strongly distmlwd n quiet disk. The lntmti rmlio olxsmvntions (Rots, d d. 1!)!30)

of M51 arc cspminlly intm-mting. They mny rw+ovr this pn)hlmn, Fig. 4 iN n trncillg [)f

thr olmv-vutiow from n figure in Rot~, ci al. ( 1990), TIN c(mq]nllion iH nmrkwl with n

lnrgc ‘X’, Their HI ob~rvntimw IAow n 10UA,rllrving nri]l tlmt rxtmh dl nwny fr[ml

thr optic-d rrgiom of t.hr~y~trm, TINS[[11A ]IIII~H ill Fig. I fit. witllill th cli~k rtillt[nm

of Fig, A, In Fig, 4 thr f;lr+i~lv nrlii :Ily ItwII. wqmrntr fr(MII tlw ml(’ll(lml IIrIII. SIItIWII

Iwmwth Fig. 4 i~ ;I wnlwl to mntrh oq))~ ~)f F:q. 3,



The clump north of the companion seen in Figure 4 appea.m in our 180,000 and

15,000 particle simulations (Figs. 2b, 3). Wc interpret the orbit we found as the

osculating conic orbit to NGC 5195’s pnth as it decays towards a final merger with

M51. This decay will result from the gravitational interaction of the mmpsnion with

the halo and disk of M51 and the tidal breakup of the companion itself by M51. Decay

time estimates imply less than three orbits before the final merger. We speculate that

the extended HI tail is a remnant of the previous disk crossing.

The grand design spiral structure in M51 appears to result from the recent (70

million years ago) passage of NGC 5195. The outer spiral arms behave like material

amns, i. c., the gas clouds stay in the arms as the arm winds up. The inner spiral pattern

behaves like a density wave triggered by the tidal arms, not directly by the companion.

Collisions in the disk gaa clouds are not reguired to produce the tidal arms. Instead,

the tidal tiect of the companion is the dominant driver of the gas. The simulations set

limits to?@ from at least 1.0 and perhaps a bit larger.

We propose three regions/types of spiral ‘structure’ in M51: (1) the Rots et al.

extended HI tidal arm; (2) the tidal arms from the most recent passage; (3) the inner

excited density wave.
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ig. 1 scaled to match Fig. 2
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Fig. 3 scaled to match Fig. 4


