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SUMMARY 
A large N-body simulation is uwd to compare the galaxies found by tagging peaks 
in the linear density field with the halos that actually form. A variety of filters on 
the density field are tried in order to improve this correspondence, but none seems to 
do particularly well. The correlation function and velocity dispersion of the tagged 
p& and the actual h&a also do not correspond very well. These comparirons bring 
into qnzstion the results of any study of galaxy formation that a~umes that gal&a 
form at peaka in the i&id density field or simulations of large scale structure that 
use the high peak model to determine the galaxy distribution. 

1 INTRODUCTION 

An outstanding problem in verifying cosmologicd 
models is the rcL&mship between the mess distribution 
and the light distribution. Most modeling follows the 
evolution of the mhu distribution, while observations 
are made of the light. The simplest method for connect- 
ing the two ia to assnmc that the mhu density is pro- 
portiond to the lumimxity density, i.e. that the mass 
traces the light. Horevu, in the gravitationd instability 
picture, this assumption has run into serious di&ultia. 
For example, with the initial power spectrum predicted 
by the Cold Dark Matter (CDM) model, N-body simu- 
lations have shown that the correlation function of the 
matter steepens with time (Day; et al. 1985). When 
the slope of the correlation function is equal to the ob- 
served slope, the correlation length is so z 1.3h-‘Mpc 
for D = 1, which would require a Hubble constant 
of Ho = 25kms-’ to match the observed correlation 
length of ~0 EJ 5.4h-IMpc (DE& and Peebles 1983). 
This is much smaller than any observationd dimata 
for &. Also, the RMS peculiar velocitia of the dark 
matter are - 1000 km 6-l in the numerical simulations; 
much higher than the observed value of 300 zt 50 kms-’ 
for gdaries. A simple method of relaxing the assump 
tion that meas traces light is to make the hypothesis 
that gdaxies preferentially form in higher density rc 
gions. With this assumption, the gdaxy distribution 
forms a “biased” estimate of the mass distribution, and 
the correlation function of the galaxies is enhanced by (L 
factor b’, where b is a “bias factor”, over that of the mass 
(Kaiser 1984, and Bardeen et al. 1986 (BBKS)). ~~~ to 

this enhancement in the correlation amplitude, the COT- 
relation length is able to match the observed value when 
the simulation is less evolved, thereby giving the cone- 
lation function a shallower slope and reducing the RMS 
peculiar velocities. 

A ccmmcm way to model galaxy bias is to assume 
that galaria form only at high peaks in the initid den- 
sity field, known as the high peak model for gdaxy for- 
mation. Using the formalism of BBKS, one can derive 
many useful galaxy properties just by studying peaks in 
the i&id density field. This assumption has also been 
used in many numerical simulations to identify galaxies 
(e.g. Davis et al. 1985). To simplify their analytic cd- 
cdations, BBKS introduced the peak-background split 
to identify the sita of galaxy formation. The peak- 
background split makes use of the fact that the den- 
sity of high peaks on (L small scale (i.e. the scale of 
gdaxies) can be estimated from the background density 
smoothed on a larger scale. For many properties con- 
cerning both the distribution and velocities of galaxies 
this technique yields results that are statistically simi- 
lar to those obtained by actually following peak tracers 
(Park 1991). The peak-background split is particulady 
useful for studying the formation of large scale structure. 
Given the limited range of even the largest N-body sim- 
ulations, it allows modeling of the galaxy distribution 
in simulations of large scale structure that do not have 
the resolution to determine the evolution of individual 
galaxies (White et al. 198i’b, Weinberg and Gun,, 1990, 
Park 1990, Park and Gott 1991). The peak-background 
split has also been applied to simulations of galaxy clus- 
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ters (Renk ef al. 1990, Dalton ei al. 1992). 
Various proposals have been put forward to provide a 

physical mechanism for biasing, such as gas-dynamical 
feedback mechanisms suppressing the formation of low 
mass gal&s (Dekel and Sii 1986). The possibility 
that biasing could occur ‘naturally”, i.e. through nor- 
md hierarchical clustering, has been discussed by henk 
et aI. (1988) (FWDE). By studying N-body simulations 
of smdl regions of the universe (- 14 Mpc) at high resc- 
lotion, they showed that massive hdos formed prefuen- 
tidly in regions of high density. This happens because 
the higher background density accelerates the forma- 
tion of structure, indoding the formation of heavy ha- 
los, when compared to regions of average background 
density. However, their conclusions of how this affects 
large scale structure are somewhat limited due to the 
smdl sire of their simulated regions. 

Although Park (1991) ha?r shorn that the peak- 
background split is statistically equivalent to following 
high peak tracers, only FWDE attempted to determine 
if the high peak model correctly identities the sites of 
gdary formation. They conclude that the high peak 
model works quite well but their conclusion may have 
been compromised by the small size of their simulated 
regions. Also, they only modeled a low amplitude CDM 
spectrum and one might expect the correlation between 
high peaks in the initial density field and actud sites of 
gdsry formation to weaken as the simdations become 
more evolved. 

Here, we aim to investigate how well the high peak 
model describes the sites of galaxy formation and the 
%atnrd biign that oean in gravitational collapse 
models by studying a simulation that is both large 
enough to model the formation of large scale structure, 
and of high enough resolution to model the formation of 
imiividnd hdos. Fit the simulation used for this in- 
vestigation is described, then the results are presented 
and d&cussed. 

2 SIMULATION 

To obtain the large dynamic range needed to follow 
the collapse of individual gdaxiu while correctly fol- 
lowing the development of large scde structure, simula- 
tions with large numbers of particles and high resolution 
forces arc needed. The simulation we use is described 
in detail in Gelb (1992) and contains 144’ particles in 
a 5000 Irma-l box with periodic boundary conditions. 
The particles are evolved using 8 mod&d version of 
Couchman’s (1990) adaptive ParticlrPartide-Particlt 
Mesh (PPPM) algorithm. Each particle has 8 mars of 
2.324 x 10”Mn,, and the form of the force softening is 8 
Plummer model with l = 65 kpc, constant in comoving 
cooI&ata. 

The initial conditions are a realization of a Cold Dark 
Matter density distribution with fl = 1.0 and are pro- 

duced by perturbing the particles off a cubic lattice us- 
ing the Zel’dovich approximation. The power spectrum 
is that given by BBKS with the amplitude determined 
by setting the linearly extrapolated AM/M in ah-’ Mpc 
spheres to 1. The simulation starts at an expansion fat- 
tar of l/70 where an expansion factor of 1.0 iepresents 
the present if there is no bias; the output is studied at 
expansion factors of 0.5, 0.7, and 1.0, corresponding to 
bisJa of 2.0, 1.43, and 1.0, respectively. 

Peaks in the initial density field arc found by first 
evduating the density fieid on a 1445 grid, then sm.ooth- 
ing the density field with a given filter, and finally locat- 
ing grid points that are higher than all 26 neighboring 
grid points. The evolution of these peaks are then fol- 
lowed by tagging the particles closest to the peak grid 
points, and enmining the distribution of these tagged 
particles at lster times. 

Bound groups in the simuL&ons are identified us- 
ing the DENMAX algorithm described in Gelb (1992) 
and Bertschinger and Gelb (1991). This involvea using 
the particle positions to evaluate the density on a very 
fine grid (512’), and allowing the particles to follow the 
density gradient upward until they end up at a den- 
sity peak. All the particles ending at a given peak are 
considered to be one group. These particles are then 
checked to see if they are gravitationally bound to the 
rat of the particles in the group, and discarded if they 
are not. We only consider those groups whose mean den- 
sity within 150 cawing kiloparseo is greater than 200 
times the mean density. This ensrua that the gxoups 
actually are collapsed objects. The density cutoff re- 
qnires that the groups contain at least 9 particles--a 
mass of 2 x 10” M @. 

3 RESULTS 

The main concern of this paper is the correspondence 
between peaks in the linear density field and the groups 
(halos) that subsequently form out of that field. To this 
end we investigate whether particles tagged (u belong- 
ing to peaks end up in groups, and therefore, how well 
these peak particles mimic the distribution of groups. 
At severd times, corresponding to different bii, we 
examine all the peak particles to determine if they have 
become part of a group (u defined above, and to deter- 
mine if there is a correlation between the peak height 
and the gr.aup maw. 

Fiura 1 and 2 show the results for a Gaussian filter 
with two different smoothing radii and at the three dif- 
ferent times. The two smoothing radii, R, = 0.55 Mpc 
and 0.88 Mpc (Ho = 50 kms-’ Mpc-‘), correspond to 
masses of - 2 x 10” Ma and - 8 x 10” MB. In Figures 
1 and 2, the panels in the upper row use a lilter mass 
of 2 x 10” Me and the lower panels use 8 x 10” MD. 
The first column is at an expansion factor of 0.5. the 
second column is at 0.7, and the last column is at 1.0. 
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Figure 1. The peak in rhc filtered initial demity Reid that are associated with pup. a-e plotted, shoring the initial pea hei@ 
wpimt the gr.,up ma,.. The i&id peak height i, in tit. of the standard deviation of the lincu da,ity field. The highest pe& 
-&led with a pup k indicated with L “x’. To avoid cmrding. only one out of cry tm pcdu ia plorted. A Guwian Nter L 4 
on the inilk, d&r, held The plot. in the upperrow ue for. ate, length of R, = 0.56 MPC, while the lower mr i. for R, = 0,88M,,s. 
The Left colvmn i. for .m erpuuion fastor e = 0.5, the middle for a = 0.7. and the ri&t for a = 1.0. The Line &n(l the horAnt., 
axi. in the curdative distribution in group DUY of gmupe with 110 peak ruoci&ed with them. The line along &he rerticel axi. is the 
difTeratid distribution in nert h&ht of DC& not -dated with PUPS. Aho i&ic~ted are the numbem of PC&. pups. groups 
not wciated with pwka.mkd p& mat &&ted with gmup. 

If a particle tagged as a peak in the initial conditions 
ends up in a group, and it is the highest peak to end up 
in that group, it is plotted as a *x” in Figure 1 at the 
appropriate group mass and peak height, Y, in units of 
the standard deviation, v, of the linear density field. If 
the particle ti not the highest peak to end up in that 
group, it is plotted as a =+” in Figure 2. There appears 
to be a correlation between the mass of a group and the 
height of the peak in the Linear density field from which 
it coma: 2 x 10L’ Ma groups come from 0 to lo peaks 
while 2 x 10” Ma groups come from 3 to 4a peaks. How- 
ever, the converse correlation is very weak: although the 
highest peaks in the initial density field end up in large 
groups, small peaks can end up in any size gronp. Fur- 
thermore, there are some peaks that do not end up in 
a group at all. Tbis k illustrated by the Iine along the 

vertical axis, which shows the differential distribution in 
peak height of peaks that do not end up in groups. Of 
the - 18000 peaks identified in the initial density field 
with a smoothing of 0.55 Mpc, - 4000 never end up in a 
group, including a few that are greater than 3~. For the 
peaks in the density smoothed at 0.88 Mpc the situation 
ia better, with only about 10% of the peaks not ending 
up in a group; however, there are still a few peaks above 
3a that do not end up in a group. 

TImline along the horiaontal axis shows that all is 
also not well with the group size to peak correlation. It 
plots the cumulative distribution in group mass of those 
groups that have no peak particle in them. For peaks 
smoothed on a 0.55Mpc scale, over l/3 of the groups 
have no peak associated with them. For the 0.88Mpc 
smoothing, over 213 of the groups are not associated 
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Pipurm 2. Sum Y Figure 1 except that pcaka ~rtedrith.po"pothathrn~bohi(l6ntpc~in thegrovp.reindicJedwi~h. 
-+-. 

with a peak in the Iinear density field. The groups with- 
out peaks can be as Large as 3 x lO”M, and contain 
over 100 partides. 

These plots suggest that using pealis to f&w the 
distribution of galaxy objects k a very poor strakgy. If 
we look at peaks from wbicb eloster six grou~a form 
(v = 4a and above), then most of those peaks do end 
up in duster size objects, but if we Iook at peaks from 
which galaxy size objects form (v za Za), then these 
peaks have about an eqnd chance of eithcl ending np 
in I) galaxy sire group, or merging with a larger peak to 
become part of a much larger group. 

Perhap. there is another filter that does II better job 
of finding the peaks in the linear density field that are 
likely to cdapse into groups; we have examined sev- 
erd possibiities. In comparing different filters, we try 
to match the filter scales by having comparable filter 
III~SSCS. This mass is determined by integrating the 
background density under the filter function. 

In view of the merging problem described above, one 
promising filter is the sharp k space filter, which is the 

He&side unit function in k. A cutoff below a sccde k, 
produca a smoothing function [k~/(Gr’)]W(k.r) where 

W(z) e 
3(&r-zcosz) 

rJ . (1) 

Since this function has negative sidelobes, one expects 
that this filter wiIl tend to pick out isolated peaks, which 
would be less Iikely to merge. The mass scale of this 
filter, given a Rk E 2*/k., is determined by the integral 
of W(k.7) owr aII space giving 

Mb = &*. (2) 

Using this formnbq the filtering radii are 2.29 Mpc and 
3.64 Mpc for 2 x 10” Me and 8 x 10” M,, respectively. 
The results for these filters are very similar to those plot- 
ted in Figures 1 and 2, and show that the sharp k space 
filter does not do any better than the Gaussian filter 
and that the correlation between peak height and group 
mass is even weaker. There seem to be just as many, if 
not more, peaks that end up merging with larger peaks, 
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Figure S. Same u Fi- 1. but with a parer law Nto in k swe. The top 10” is for s power le.- index of -1. and the bottomrow is 
for a pore hr index of -1. The high-t peak mm&ted rilh l pup ia plotted with - “x”, 
are pk.lted a, “f’. 

and other peabm ruociakd with pqw 

and a higher percentage of the peaks found do not end 
up in a group. There is also no significant change in the 
number of groups that have no peak essmiakd with 
them. 

Another pop&z tilter is the top hat filter. Here, the 
real space representation looks like the k space repmsen- 
tation of the sharp k filter, and the k space representa- 
tion is the function W(k) defined above. The results for 
this titer with R,,bt chosen to match the filter mass 
scales of Figure 1 were examined. There appears to be 
no significant diRerence from the results for a sharp k 
filter. The only dXerence of note is that, because the 
top hat filtered field ha, more peaks than the sharp k fd- 
tered field, there are correspondingly fewer groups that 
have no peak associated with them. However, there are 
correspondingly more peaks without groups. 

We have also looked at power law filters, that is, 
W(k) 0: k”. Here there is no simple function describing 
the red space smoothing function; therefore, there is no 
easy nay to determine a filtering mass scale. We have 

chosen two power law indices, n = -1 and n = -2. 
The first index is somewhat arbitrary, but the second 
corresponds to finding peaks in the onsmoothed poten- 
tial field. The results for these are shown in Figure 3. 
They are considerably nome than the previous results. 
The n = -2 fdter in particular seems to have almost no 
correlation between group mass and peak height, and 
despite there being relatively few peaks, there axe some 
quite high peaks that do not end up in a group. 

Given a linear potential field, Q, there are three lin- 
early independent SC&US that can be extracted from its 
second derivativea, constructed from the eigenvalues of 
the shear tensm, C;j = ViVj@. The density field is re- 
lated to the sum of these cigenvalues (trace of cij) tram 
Poisson’s equation: 

VQ = TI [Cij] = 4rGp. (3) 
If the power spectrum is falling rapidly with k, we would 
expect the first collapses to occur where the maximum 
eigenvalue is largest, since the collapse time is primarily 
dependent on the largest eigenvalue (Zel’dovich 1970). 

5 



Pigum 1. Sunc Y Fi- 3, but the pcrl M t&em fmm the &Id of muimvm cigennlwa of Ihe 8har tensor 
daiby Reid. The uppcrmr ia for. filterla.$h of R, = 0.65Mpc. while the lower row i, for R, = O.M)Mpc. 

auod.ted rith the 

Figure 6. Sune Y Figure 1. but with a sharp k filter. The top mr is for a N&e. length of I& = ~~~~~~~~ and tbc b&tom rel i, for 
RL = 3,s. Mpc. 
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Figure a. S-e a Fi- 4. but the p&m am t&em km the tidd d minimum 
Rlter l&h of R, = 0.66 Mpc, a.3 the bottom row i, for R, = O.S.SMpc. 

e+m.luc9 of the sheu -. The top row is for. 

Figure 7. Same as Figure 6. but with a sharp k tilter. The top row is for a iiltv length of I& = 2,29Mpc, and the bottom mw ia for 
R, = 3.64 Mpc. 
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Pigur. 1. The fnctiom of 
R 

tip. &ove . gina - thst contaim peak puticlu in plotted m#tit -. The top row in for tiltcring 
on.,,,...sc.,eof.--2x10 Mg,~thabottomrorLforffltcrin(lon.-~~cof-Oxt0ttMs.The~d.dotted.mdduhed 
limes .,e for t.hu,sira. .hwp k, .z,d top h.t filtcrin~ of the dcmity ficld. mpcctirely. The long dmhed md dot dvhcd cur.” ue for 
pcaksinthemuimum ebpwdue Acid of the shear tatsor -dated with the density smoothed with l Gmusirn end &hup k Rltu. 
.apcStiVd,. 

To study this, we have smoothed the initial density field 
on a given scale, cdculated the shear tensor in k space 

(,.(k) = W4~Wk) 
V k3 ’ (4) 

and transformed to real space to find the eigenvalues. 
The results for Gaussian smoothed densities and sharp k 
smoothed densities are shown in Figura 4 and 5, respec- 
tively. The results arc not significantly better OI worse 
than those obtained directly from the density field. 

The other linearly independent quantity to cheek is 
the minimum eigenvalne. Results for peaks in the min- 
imum eigenvdue for Gaussian and sharp k space lilten 
arc shown in Figures 6 and 7. Here, the correlations 
between peaks in the field and groups are significantly 
worse than either the density or the maximum eigen- 
value. There is only the slightest trend of increasing 
peak height with incrcaing group size, and in every case 
over half the groups have no peak associated with them. 

To make a mcae general comparison between the 
above methods for determining the sites of g&y for- 
mation, in Figure 8 we plot the fraction of groups of a 
given mass or above that contain peaks as a function of 
group mass for most of the methods descxibcd above. 
Note again, that the methods shown perform almost 
equally adI at finding the peaks that will collapse into 
groups. With a filter mass of 2 x lO”M, about l/3 

of the groups are not found, and with a filter mass of 
8 x lD”M, over l/2 the groups are not found. Also, 
the gronps without peaks are not the smallest groups; 
over one half of them are above - 6 x IO” M, for the 
2 x 10” M, smoothing. 

Clearly there is not a good correspondence between 
peaks in the initial density field and the collapsed 
groups, but this does not rule out the possibility that the 
two populations will resemble each other in a statistical 
sense. To discover if this is the CIW, we have plotted 
in Figure 9 the correlation function of the peaks found 
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with a Gauti filter on both mass scales, (u well aa 
for the mesa and for the groups. Here, we have chosen 
to take only those peaks whose height is above a given 
threshold, v<+.. where “$h is chosen so that the peak num- 
ber density would match a given galaxy density. Using 
the luminosity function found by Loveday ef 41. (1992), 
the observed number densities of L./NO, L./IO, and 
L. g&xi= correspond to vrh of 1.8, 2.3, and 3.2 for 
the smaller filter mass, and 0.0, 1.5. and 2.9 for the 
Larger filter mass. Similarly, we calculate the correlation 
function of only those groops whose circular velocity at 
200 kpc is greater than 250 km s-l, corresponding to L. 
and above galaxies. 

The naive expectation is that the group correlation 
function should match the peak correlation function COP 
responding to L. galaxies, which is not the case. In 
fact, the group correlation function is anti-biased with 
respect to the mass correlation function at all but the 

earliest tima. This anti-biasing is mostly due to over- 
merging, i.e. the large clusters are only identified as 
one group instead of many groups, and is discussed in 
much greater detail in Gelb (1992). Although the am- 
plitude of the group correlation function is smaller than 
that observed, it h= the correct power law form and 
slope. When the gdaxia are reinserted into the clns- 
terr, as also described in Gelb (1992), the amplitude of 
the group correlation function can be increased while 
retaining the correct power law form. 

The peaks are mope correlated than the mass so they 
are biased with respect to the dark matter. As expected, 
the peaks corresponding to more luminous galaxies are 
more biased than those that correspond toless luminous 
galaxies, and the degree of biasing gets smaller at larger 
expansion factors. At scales greater than - 2 Mpc the 
correlation function of the L. peaks even closely rescm- 
bles the observed galaxy correlation function. Within 
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- ?kipc, however, the peak correlation function be- 4 DISCUSSION 

coma much steeper than the observed correlation func- 
tion. At - 100 kpc, the correlation amplitude of the L. The results presented above contradict the condu- 

peaks is eve* 10 tima too large. sion of FWDE that groups that form are closely re- 
lsted to peaks in the smoothed linear density field. The 

Another statistic is the one dimensional pain&e ve- 
biggest difference between our work and theirs is the 

locity dispersion along lines of separation. We plot these 
sise of our simulation: 100 Mpc compared with 14 Mpc. 

for the same populations (u Figure 9 in Figure 10. Here, 
However, there are other small difkenco. (i) The 

the peak v&city dispersions follow those of the msra 
mass of the particles in the simulation discussed here 

quite closely, and do not show the *velocity bias” that 
is 2.324 x 10LoM @, a factor of 4 larger than that used 

is seen in the groups (Carlberg et (I(. 1990; Bertschiiger 
in the FWDE results. The softening parameter is also 

and Gelb, 1991). If the large clusters are broken up, as 
correspondingly larger. (ii) FWDE do their analysis for 

was done for the correlation function, then the v&c- 
epochs corresponding to a relatively high bias. They 

ity dispersions of the xsulting groups can be impressed 
looked at biases of 7,4, and 2, compared to our bighat 

so that they also match the IIL(LY (&lb 1992). Even 
bias of 2. (ii) They use a friends-of-friends group finding 

with a velocity bias, only at an expansion factor of 0.5 
algorithm instead of the DENMAX routine used here. 

is the group velocity dispersion low enough to match 
The advantage of the DENMAX dgoriihm over friends- 

the observed dispersion of - 300 f 50 km s-l (Davis and 
of-friends is its ability to break np large dense clusters 

Peebles, 1983). 
into subgroups while still being able to to detect smaller, 
Ias dense halos in the field. This is discussed in detail 
in Gelb (1992). (iv) FWDE only consider peaks in the 

lea0 .&, $ * gKa _,, /,;r’ b ,, .!\ / d .y?. 
a 
f ma i/(; I 
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Piprc 10. The one dimendod rdodtr dispasic.~ dong the Line of separ.&ion, o,, , is plotted against the log of the .ep.r.tion. The 

did line is for the pxpc The 1-n-g dashed, short dubed, and dotted lines are for the peaks u in Fi- 0, uld the dot dashed line is 
for the -. 
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Figure 1,. The sane Y Figure 3, but ior the 14Mps sinwkior.., ud with c~p.n.ionfrcton of a = 0.25.0.5, and 0.7. A” peaks from 
three .izmdaiom .re plotted. 

linear density field with heights above a threshold of Ic, 
labile we consider peaks of EII heights. 

In order to help determine which of these dXcrenca 
leads to the different conclusions, we have created small 
simulations with the same mass resolution as the large 
simulation described above, but with a box size of only 
14Mpc (u in FWDE. Such a simulation contained only 
8000 particles. We then found peaks in the initial den- 
sity field (u before, and used the triendcof-friends algo- 
rithm with a linking parameter of 0.2 times the mean in- 
tupartide separation to find the groups. We also looked 
at 8x1 earlier epoch of a = 0.25 corresponding to b = 4.0. 
In this way we can isolate the one aspect of onr sim- 
nktions that is inferior to those of FWDE: the larger 
partide mass. In order to have a reasonable number of 
groups, we simulated three realizations of the 14Mpc 
box. The results of this exercise are presented in Figure 
11, where the left panels are for a = 0.25, the mid- 
dle panels are for a = 0.5, and the right parwls are for 
a = 0.7. With the exceptions that FWDE combine sim- 
ulations with several different II in an attempt to model 

the effects of large scale power, and that they only eon- 
sider peaks above la, the left panels of Figure 11 should 
be directly comparable with the middle panels of Figure 
13 in FWDE. Liiewise, the middle panels of Figure 11 
should be compared with the right panels in Figure 13 
of FWDE. 

The results of our small simulations compare reason- 
ably well with those of FWDE. The biggest dXerence,is 
that FWDE have quite a few groups between 1 x IO” M, 
and 3 x 10” M,, which seem to be too small for our sim- 
ulations to resolve. Otherwise our results are remark- 
ably similar. For the larger smoothing, the largest peaka 
that do not end up in a group are just above 20, and 
many such peaks are below lo. For the smaller smooth- 
ing, we have one or two peaks above 2.5~ that do not 
&lap& whereas FWDE have none. However, the same 
generd trend of peak height and group size is observed, 
and there are a similar number of mergers. Therefore, 
it appears that the resolution is not a&cting our results 
at either smoothing scale. 

The FWDE conclusion about the correspondence of 
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peaks and groups is really only supported at the very 
high biases of 4 and 7. At the more reasonable bias of 2, 
their rczxdts show the same problems we have presented 
above, namely, (i) smaller peaks can end up in any size 
group by merging with a higher peak, (ii) there are a 
few (albeit not many) high peaks that do not end up 
in groups, and (ii) there are many groups of quite bigb 
maw that are not associated with any peak. 

The first of these problems is the least surprising, 
since it is one aspect of the “overmerger problem” that 
arises when trying to match the predictions of CDM 
to the observations of galaxy clusters. As discussed in 
FWDE, the groups in dusters merge much too quiclrly, 
and if CDM is to be viable, there must be some mecha- 
nism preventing the visible parts of galaxies from merg- 
ing as their dark halos merge. Recent works (Katr 
and White 1992; Kata, Hernquist. and Weinberg 1992; 
Evrard et al., in preparation) that indude gas dissipa- 
tion show that this is indeed the case and that several 
g&xi= can exist in a common dark mattu envelope. 
The question that naturdly arises is whether the peaks 
are a better indicator of the sites of galaxy formation 
than identifying groops in 8 dissipationless simulation. 
If tbis were true, it would be a serious blow to the CDM 
model. The peak correlation function can be made suffi- 
ciently strong at 10.8 Mpc to match the observed corrc 
lation length but it becomes mocb too steep at s&es Iem 
than 2 Mpc. At these smal scaIa the overmerger prob 
lem bar the greatest effect on the correktion function. 
In addition. since the velodtia of the peaks are similar 
to the velocities of the dark matter, only at b > 2 are the 
peak velocities low enough to match the observed val- 
ues. Given the generally poor coxrapondence between 
peaks and groups outside of the clusters, however, there 
is no compelling reason to believe that the peaks mirac- 
ulously identify the sites of galaxy form&ion within the 
clusters. 

Indeed, if the overmerging is accounted for by us- 
ing an artificial but reasonable mechanism to break the 
largest halos into galaxy size objects (White et al.1987.s. 
Gelb 1992), then the correlation function can be in- 
creased enough to match the observed value at 10.8 Mpc 
wide retaining the proper power law slope. When this is 
done the pair+ e velocity dispersions, which are lower 
than those for the dark matter, increase significantly 
and more &seIy resemble those of the peaks. How- 
ever, boosting the correlation function by breaking up 
the largest halos may require more than the observed 
number of g&.xia (GeIb 1992). In contrast, the peak 
correlation function can be made sufficiently strong at 
10.8 Mpc using the correct numbers of galaxies. Finally, 
it should be noted that in the dissipational simulation 
of Katz, Hernquist, and Weinberg (1992), where the 
g&&es are identified as cold condensed regions of gas, 
the g&xy correlation function foUows a power law from 

35 kpc to 10 Mpc and has the correct enhancement over 
that of the dark matter to match the observed corrcla- 
tion amplitude. 

The second problem is more unexpected, but it shows 
that just having a high peak in the density field does not 
imply the formation of a group from that material. The 
eventld fate of such peaks is undear. 

The third problem has the most damning implications 
for the high peak model. Even in the FWDE b = 2 high 
resolution simulations, there are groups above 10” Me, 
composed of hundreds of particles, but associated with 
no peak. This is a problem that is exacerbated in the 
larger simulations (u can be seen from the median mass 
of the groops without peaks. The median mess of groups 
that have no peak can be read off the bottom line of 
the figures. For the small simulations and the smaller 
filter, this median mass is between 3 x 10” MB and 4 x 
1O’l Me. For the krge simulation with II Gaussian filter 
of mass 2 x lO”M, this mass is 6 x 10”Mo, 5.5 x 
lOLLMa, and 5 x 101’Mo for a = 0.5, 0.7, and 1.0, 
respectively. Tbis mass is 7.5 x 10” Ma, 6 x 10” Me, 
and 5.5 x 10” Me for 8 filter meas of 8 x 10” M,. 

The comparison with FWDE also questions the wis- 
dom of just considering peaks above a threshold uth. 
In the linear theory of BBKS, the biting of the peaks 
with respect to the density depends upon vth (or a se& 
tion function) and roughly sealer bs b z vth in the high 
peak limit. As mentioned above, another advantage in 
considering peaks above a certain threshold is that it 
matches the correct number density of galaxies by con- 
struction. However, making such a cut in y,, throws 
out many of the groups. To investigate this in detd we 
examined the groups at a = 0.5 whose circular veloc- 
ity at 200 kpc is greater than 250 kms-‘, corresponding 
to L. and above g&&s. We checked these groups to 
see if they contained any peaks. To correctly match 
the number of gal&a this meant choosing ~,b = 2.95 
for R, = 0.55Mpc and vrh = 2.50 for R, = 0.88Mpc. 
Of the 737 groups. 53% did not contain a peak for 
R, = 0.55Mpc and 48% for R, = 0.88Mpc. So us- 
ing the standard technique of considering peaks above a 
certain threshold just exacerbates the lack of correspon- 
dence between peaks and groups. 

The correlation function and the pa&vise velocity dis- 
tribntian give us a due about which groups are being 
missed by the peaks. The correlation function is steeper 
than that of the mass, and the velocity dispersion is 
comparable to the mass velocity dispersion. This indi- 
cata that many of the pe& are found in large dusters, 
and the groups that are being missed are those in the 
field (see also Gelb 1992). This is to be expected, as 
the probability of a peak being above a given thresh- 
old is much greater in a cluster where there is a general 
density enhancement. 

The diRerence in the median mass of groups with no 



corresponding peak between the large and smdl simu- 
lations hints that fluctuations on larger scalea are af- 
fecting the way in which groups form, possibly through 
their tidal fields (Quinn and Binney 1992). Peaks, be- 
ing local phenomena, would have no mechanism for dt 
termining tidal fields over large distances. Since peaks 
are overdens and, therefore gravitationally unstable re- 
gions, they must collapse to form groups in the absence 
of any external forces. Large scde tidd fields could pro- 
duce an external shearing force that may prevent some 
peaks from coUapsi.ng and forming groupa. Similarly, 
convergent tlows might dlow regions to become locally 
gravitationally unstable and collapse even though the 
regions were un-iakd with any local density peak. 

The above results have serious implicationa for the 
study of gdaxy formation. Since peaks are not good in- 
dicators of the sites of gduy formation, one should be 
cautious when inferring galaxy properties from the prop 
erties of peaks (e.9. BBKS, Heavens and Peacock 1988, 
Quinn and Biiney 1992). The same caution should 
be applied when using peaks IU the initial conditions 
for simulations of galaxy formation (e.g. Dubinski and 
Carlberg 1991). Moreover, since it appears that large 
scde forces affect the evolution of locd density peaks, 
vobunee that are much larger than galaxy scalea are 
probably net-y to &date individud gdaxy for- 
mation properly. In fact, it was while trying to simulate 
the formation of individnd gdaxio using peaks in the 
i&id density field as i&id conditions (set np using the 
method of Biey and Quinn (1991)) that we first rc 
&cd that peaks did not correspond very weII with the 
sita of gdaxy formation. The lack of correspondence 
became much worse as we mule ou volume larger. It 
was these simulations that originally motivated the cur- 
rent work. FiiaUy, although this wozk dou not address 
duster formation, it dso brings into question studies 
that assume that dusters form at peaks, something that 
wiIl have to be studied in future simimulations. 

The above results also have serious implications for 
the use of peak tracers or peak-background rejection 
methods in large scale structure simulations. Since the 
peeks do not succeed in dekrmining the sites of galaxy 
formation, then in the absence of any other criteria for 
relating the density field to the galaxy distribution, any 
large scde structure simimolation must have enough xx- 
lntion to foIIow the formation of gdary halos. To simu- 
late a volume the size of the Stromlo-APM redsbift au- 
vey (toveday et al., 1992), this wonId require s 2 x 10’ 
particles of 2 x IOLoMG. This is dearly impossible un- 
less there is a severd order of magnitude increase in 
computing technology. 

5 CONCLUSIONS 

Our main conclusion is that peaks in the linear dcn- 
sity field are not good indicators of the sites of galaxy 

formation as determined by the dissipationless collapse 
of halos. It is possible that processes not considered, 
such as gas-dynamical feedback, could considerably al- 
ter this result by suppressing the formation of galaxies 
in the field in the same manner that peak selection does. 
However, it would seem quite a coincidence if those pro- 
cesses conspired to give the same effect (u the statisticd 
process of selecting high peaks. One process considered 
that could be gas-dynamical in nature was the solution 
of the overmerging problem by allowing galaxies to rc 
main distinct dter their hdos have merged. In this case 
some statistical properties of the galaria are maze sim- 
ilar to those of the peaka than to those of the hdos, so 
such 8 conspiracy between gas-dynamics and the statis- 
tiu of peaks is not inconceivable. Another caveat is 
that we have only investigated simulations with a CDM 
initial power spectrum, and the results for other initial 
power spectra could be different-it is IikeIy, however, 
that the above results would hold for any power apec- 
tram that is similar to CDM in the sense that it has 
signiticant power over a large range of length scdes. 

It ia quite unfortunate that the results presented here 
appear to invalidate the usual method for determining 
the galaxy distribution from the mass density in large 
scale structure simulations. This leaves the choice of 
either going back to the assumption that the galaxy dii 
tribution is an unbiased sampk of the mass distribution, 
or investigating a new method for determining sita of 
gdaxy formation. The first option is unpleasant br 
czmse it means that the comparison of existing CDM 
simulstions with existing observations aImost condu- 
sivdy rules out the theory. As we have been exbaus- 
tive in investigating linear criteria, the second option 
wiU dmost certainly entail the investigation of no&- 
tax effects, multiple filters, ox dynamicd considerations, 
which wiIl preclude the use of the formalism of BBKS, 
and make the sbiity to estimate galaxy densities from 
maa densities on larger scdw quite difficult. 
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