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Abstract. We investigatethe effect of peculiarvelocitieson the redshiftspacedistribution of z 2 2 galaxiesandwe focus
in particularon Lya emitters.We generatecataloguef dark matter (DM) halosand identify emitterswith halosof the

sameco-maving spacedensity(M (Lyo emitters) ~ 3 x 10''Mg). We decomposehe peculiarvelocity field of halosinto

a streaminggradientandrandomcomponentand computeand analysetheseasa function of scale.Streamingvelocitiesare
determinedy fluctuationonverylargescalesstronglyaffectedby samplevariance but have amodesimpactoninterpretation
of obsenations.Gradientvelocitiesarethe mostimportantasthey distort structuredn redshiftspace changingthe thickness
andorientationof sheetandfilamentsRandomvelocitiesaretypically belav or of the sameorderasthetypical obsenrational
uncertaintyon the redshift.We discusgheimportanceof theseeffectson theinterpretatiorof dataon thelarge-scalestructure
astracedby Lya emitters(or similar kinds of astrophysicahigh-redshifiobjects) focusingontheinducederrorsin theviewing

anglesof filaments.Finally we compareour predictionsof velocity patternsfor Ly« emittersto obsenationsand find that
claimsof galaxyover densitiesaroundhigh redshiftradiogalaxiesbasen redshiftclumpingin severalpapersn theliterature

areill-founded.
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1. Introduction

It hasbecomefeasibleto obtain accurateredshiftsfor large
samplesof distantobjectsand produce3-dimensionalmaps
of the universeout to redshifts3 and beyond. This has al-
lowed quantitatve studiesof the large-scalestructureof the
distant Universe using Lyman-Break Galaxies (LBGs, see,
e.g.,Adelbegeret al. 1998; Miley et al. 2004),Ly« emitters
(Warren& Mgller 1996; Steidelet al. 2000; Mgller & Fynbo
2001;Fynbo,Mgller & Thomser2001;Shimasaketal. 2003),
extremely red objects(Daddi et al. 2003), or radio galaxies
(Pentericcietal. 2000;Venemangtal. 2002)astracers.These
sunweys are consistenwith the galaxiestracingthe character
istic filamentarypattern,aptly calledthe ‘cosmicweb’ in the
dark matter a genericfeatureof structureformationin a cold
darkmatterdominateduniverse.

In such3D mapsthe third dimensionis given by redshift
andthereforethey are deformedby peculiarvelocitiesof the
galaxies.For exampleinfall onto clustersintroducesa char
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acteristic‘finger of god’ patternin the CfA redshift surney
(Huchraet al., 1983). The peculiarvelocitiescanin a natu-
ral way be thoughtof asthe sum of threecomponentq) a
streamingflow (driven by fluctuationson very large scales),
(#4) a coherentcomponenthat distortsthe large-scalestruc-
tureand(iii) asmall-scaleoisetermdueto highly non-linear
motions.Peculiammotionsmay changeéheappareninclination
angleatwhichfilamentsareobsened,soif onewishesto apply
an Alcock-Paczyhskiteston the distribution of inclinationan-
glesof filaments(Alcock & Paczyhski 1979;Mgller & Fynbo
2001),thenit is imperative to understandit which scalessuch
ananalysiswill not be systematicallybiased(Weidingeret al.
2002).Peculiamotionsmayalsoleadto anapparenenhance-
mentin the clumpinesof theredshiftdistribution of Lya emit-
tersin deepnarronv-bandobsenations,aswe will showv below.
In this paperwe follow HaehneltNatarajan& Rees(1998)
andidentify Lya emitterswith halosin our DM simulations
by requiringthatthe halosof the correspondingnasshave the
samenumberdensityasthe Lya emitters.Sucha simplebias-
ing schemeshouldwork well if the duty cycle of Lya emis-
sionis closeto one.We theninvestigateo whatextentpeculiar
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velocitiesinfluencethe obsened distribution of Lya emitters.
Althoughwefocusonthelarge-scalestructureastracedby Lya

emitters,our conclusionganbeappliedto otherclasse®f ob-
jectsaswell.

This paperis organisedasfollows. In Sect.2 we decom-
posethe velocity field of DM halosinto streaming,gradient
and randomcomponentsand shav how to estimatesuchve-
locity component®n DM halo cataloguegeneratedvith the
PINOCCHIO code(Monacoetal. 2002).In Sect.3 we quantify
thevelocity componentandgive analyticfits to reproducehe
results.The obsenationalconsequencesf theseresultsonthe
reconstructiorof viewing anglesof filamentsandon the red-
shift distribution of Ly« emittersin narrov bandimaging se-
lectedvolumesathighredshiftaregivenin Sectiord. Sections
concludesMore detailson the extensionof the PINOCCHIO
codeto multi-scaleruns and on the connectionbetweenDM
halosandobsenedastrophysicabbjectsaregivenin threeap-
pendices.

In this paperwe assumea scaleinvariant,vacuumenegy
dominatedilat universewith parameter$Q,,, Qa,n, h,os) =
(0.3,0.7,1,0.7,0.9) (e.g.Spepgel etal. 2003),wherethe sym-
bolshave their usualmeaning.

2. Quantification of peculiar velocity
components

Considerasetof DM halosin a givenvolume;the (highly cor-

related)peculiarvelocity field tracedby thesehaloscanbe de-
composedn threecomponentghat have different effects on

obsenationsin the redshiftspacee.g. Weidingeretal. 2002):
(i) the meanvelocity of the set, or streamingvelocity, (ii) a
gradienttomponenbf velocitiesalongthevolumeand(iii) the
residual(random)componentPerforminga Taylor expansion
of the peculiarvelocity aroundthe sets meanvelocity, these
componentsre:

x =r/a
dx
v(x) = a—

= v(xg) + [(x — x0) - Vx|V (X0) + V¢ (X). Q)

Here,a is the scalefactor, x is the co-moving position of
the halo, and the peculiarvelocity v at positionx is written

as a sum of a streaming,gradient,and randomcomponent.

The geometricameaningof the threetermsis straighforvard:
the streamingvelocity gives a bulk motion of the whole set;
the gradientcomponentis responsiblefor distortionsof the
redshift-spaceatternsand canchangethe shapeof the struc-
turetracedby the set;randomvelocitiesareconsiderecereas
a noise.Note that the gradientcomponenis a tensor but we
will restrictoursehesto thediagonalcomponents:

hi = a’l)i/af[/‘i . (2)

Thesevelocity componentareof courseonly definedonce
the volume containingthe set hasbeenidentified in the first
place,i.e. oncea (co-moving) scalehasbeenchosenin other
words,thesequantitiesarescale-dependent.

2.1. Velocity components in linear theory

It is usefulto considerthe predictionsof lineartheoryfor the
three velocities defined above (equationl) as a function of
scale bothto have anideaof their behasiour andasa basisfor
constructinganalyticfits of the simulationresultsin the next
section(seealsoHamanaet al. 2003).

In theZel'dovich (1970)approximationthepeculiarveloc-
ity v of ahalois relatedto the gravitational potentialg by (e.g.
Peebled980)
v =—a(t)D(t)V¢ (3)
wherea dot denotesa time derivative. In turn, ¢ is relatedto
theunderlyingdensityfield 5(x, t) = p(x,t)/{p(x,t)) through
Poissons equation,

v2¢(x’ t) = (4)

1
” o(x,t).
In theseequationsD(t) is the growing modeof the den-
sity perturbationlf P(k) denoteghe power spectrunof den-
sity fluctuationsthenPoissors equationcombinedwith equa-
tion (3) shaws that the spectrumof velocity perturbationss
P, < k=2 P(k). Thereforethe (1D) varianceof the peculiar
velocity in lineartheoryis

02 = l(a,D)2i /oo P(k)dk (5)
v3 272 Jo N

Notethato? corvergesreadily on smallscalesvhere P(k) o

k™ with n ~ —2 to —3, but corvergesonly slowly on large

scalesasis well known.

We now focuson a systemof size R to decomposer? in
termsof a streaming,gradient,and randomcomponent.The
varianceof the streamingvelocity of the matterin the volume
V' canbe computedby smoothinge with a window function
Wr(q) (with V ~ R3). If W denoteghe Fouriertransformof
W, then

1

O's2tream(R) = 3(&D)208(R) (6)
UrQa‘nd(R) = O—g - Ustrcam(R)v (7)
where
2 — 1 * l 172
oF(R) = 5 / K P(k)W2(kR)dk ®)
0
Similarly, thermsgradient
1 .
Otraa(R) = 5(aD)? 3 (R). ©)

Notethato2(R) in this equationss alsothe massvarianceon
scaleR. In thefollowing we will useatop-hatfilter, sothatthe
massvariancewill berelatedto sphericalvolumesof radiusR.

In Fig. 1 we plot the streaminggradientandrandomcom-
ponentspredictedby linear theoryat = = 2 asa function of
scaleR. Streamingvelocitiesdominateon scalessmallerthan
~ 30 Mpc; on larger scalesrandomvelocitiesdominate. The
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Fig. 1. Predictionof lineartheoryfor thethreevelocity statisticsLeft panel:streamingandrandomvelocities(equation& and6).

gradientvelocity (equatior).

cross-wer scaleis a measuref the velocity correlationin lin-
eartheory andis similar to the size of the largestobsenable
structurg(filamentor void) atthegivenredshift. Thermsgradi-
entograq(R) is usuallyasmallfractionof the Hubbleconstant
H(z).

In the next sectionwe computethesevariancesisingsim-
ulations.

2.2. Simulations

As we sav in the previous section, peculiar velocity fields
are correlatedover large scales hencesimulationsneedto be
performedin a large volumeto adequatelysamplethe large-
scalemodes.Combinedwith the needto be able to resole
smallhalos werequiresimulationswith alargedynamicrange.
Furthermorefo testconvergenceof resultsandbeatdown on
samplevariancewe needto run mary simulationsThepPINOC-

CHIO algorithm (Monaco et al. 2002a; Monaco, Theuns&

Taffoni 2002b; Taffoni, Monaco & Theuns2002) is ideally
suitedfor this purpose.

PINOCCHI0O used_agrangiarperturbatiortheoryandanal-
gorithmto mimic thehierarchicabuild-up of DM halosto pre-
dict the massespositionsand velocitiesof dark matterhalos
asafunctionof time. TheagreemenbetweerPINOCCHIO and
afull scaleN-body simulationis very good,evenwhencom-
paringthe propertiesof individual halos.PiINOCCHIO doesnot
computethe densityprofile of the halos,andasa consequence
is mary ordersof magnituddasterthanan N-bodysimulation.
A simulationwith 256° particlesrequiresafew hoursonaPC.

Aswewill showv below, atypicalLy« emitterlivesin ahalo
of mass~ 3 x 10''M, soif wewantto resole this halowith
150 particles thentheparticlemassis 2 x 10°M. In asimu-
lation with 256 particles,andgiven our assumed:osmology
this limits our box sizeto ~ 65 h~Mpc, too smallto properly
samplethe large-scalevelocity field. Fortunatelyit not neces-
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Table 1. PINOCCHIO runsperformedthe particlemassis 6.7 x 108.
L, andA; (L2 andA.) arethesizeof thelow (high) resolutionbox
andgrid spacing respectiely. Runsof given type only differ in the
randomseed.

runid #ofruns L Li/A Lo La/As
h™*Mpc h™'Mpc
P1 10 - - 65 256
P2 11 520 64 65 256

saryto perform muchlarger, computationallyexpensve sim-
ulations,becausét is straightforvardto addlong-wavelength
perturbationdo PINOCCHIO. Thisis explainedin AppendixA,

while AppendixB quantifiegheaccurag of PINOCCHIO in re-
producingthevelocity componentslefinedabove.

To addresonvergenceof peculiarvelocitiesand sample
variance we have run mary realisationgTable1). For theref-
erencecosmologywe have performedLO standardINOCCHIO
runswith asinglegrid of size L = 65 h~! Mpc andgrid spac-
ing A suchthat L/A = 256 (A = 0.254 ! Mpc), and11
PINOCCHIO runswith two grids, usinga high-resolutiongrid
with Ly = 65 h ™, Ly/As = 256, anda low-resolutionwith
L, = 8Ly, = 520! MpC, Ll/Al = 64 (A = 8.125h7 1
Mpc).

2.3. Computing velocity statistics from halo
catalogues

To computestreaming,gradientand randomvelocities from
the PINOCCHIO runs,we have subdvided the simulatedboxes
into n® cubic sub-boxesof sidels,, = lhox/n, Wheren is a
running integer. For eachsubdvision n, eachsub-box(j,n)
(wherej = [0, n®]) is centredonx, ; ,, andcontainsN; ,, dark
matter halos more massve than a given thresholdmass.For
eachsub-box(j, n) andfor eachspatialcomponent we com-
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Fig. 2. Velocity statisticsfor haloswith massM > 10'! M atz = 2 in thePINOCCHIO simulationsof Table 1. Thick lines andthin lines
denotehemeanandl-c dispersiorof thesestatisticarespectiely, for runsP1(dashedpndP2(full lines).Notehow theP1simulationseverely
underestimatethe streamingvelocity becausef the missinglarge-scalgower in the small simulationbox.

putethestreamingandgradientvelocitiesasthezeropointand
slopeof a linear regressionwith respectto position z; of the
velocitiesy; of all thehalos:

DI DI DI DI

v (Xo,m ) Nj,n ZTzQ _ (Z T1)2 ( )
i, Njnd wivi— i) vi
O, (X0in) = NS 27— (5! (11)

Thesumis overthe N; ,, halosin the sub-box(j, n). Random
velocitiesare computedasthe residualsof velocitieswith re-
spectto the linear regression For eachsub-box(j, n) andfor
eachcomponent we computethe varianceof theseresiduals:

o7 i(X0jn) =

12)
v,
o) )

Finally, for eachsub-boxsize n we computethe variance
of thesequantitiesover all sub-boxes; thatcontainat least5
objects(V;,, > 5), andexpressthe resultasa function of the
sub-boxiengthlg,:

var (10) 10— (6 %0500

vs2tream,i (lSllb) =

((ilx0n)?).

<(§—<x>)>

(07 (x0,n));

Notice that the secondquantity hgraq s, hasthe samedi-
mensionasthe Hubble constantwhile the othertwo are pure
velocities.In thefollowing, wherenot otherwisestated e will
shaw for thethreevelocity statisticsthe averageover thethree
directions.

h;rad,i(lSUb) (13)

Urzand,i(lsub) =

3. Results

Fig. 2 shavsthe streaminggradientandrandomvelocity vari-

ancesfor haloslargerthan10!! M., at z = 2, asa function
of scaleaveragedover the P1 simulations(dashedines). As

for lineartheory on smallscalestreaminglows dominateand
randomvelocitiesarerelatively small, while thereverseis true
at larger scales.However, the relatively modestvalue of the
streamingvelocity is mostly anartifactconnectedo the small
box size and the resulting poor samplingof the large scale
modes;jn alow-densityuniversevelocity fieldsarehighly cor-

related,andto achieve corvergencefor the streamingvelocity
it is necessaryo averageovervolumesaslargeasseveralhun-
dred Mpc. Fig. 1 shows that the expectedstreamingflow ve-
locity dropsbelov 50km s~! only atscalesof ~200Mpc. The
P2 simulationsdo not suffer from lack of large scalepower,

andthe streamingvelocitiesaremuchlarger(Fig. 2). Notethat
therandomandgradientdispersionsaresimilar in the smaller
boxes.

Due to the large correlationlength of the velocity field,
the threevelocity statistics(especiallythe streamingmotions)
shov a greatdeal of variation among different realisations,
which we call samplevariance.Fig. 3 shavs the randomand
streamingvelocitiesfor eachof the P2 runsseparatelyNotice
that the P1 realisationsartificially suppressomeof the sam-
ple varianceby imposingperiodicboundaryconditions while
the P2 realisationsdo not have this dravback.Here we showv
in eachpanelthe streaminggradientandrandomvelocitiesas
computedin the threedirections.The curves fluctuatemuch
from onerealisatiorto the other The 12th panelshovsthe av-
eragewith 1o fluctuationsthe samequantityshovn in Fig. 2.

This figure shows clearly theimportanceof a properquan-
tification of samplevariance.Thisis importantnot only to test
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Fig. 3. Samplevarianceof velocity statisticsfor the 11 runs of the
P2simulation.Continuousdottedanddashedinesdenotestreaming,
gradientand randomvelocity variancesrespectrely. This time, we

shav thethreespatialcomponentseparatelyThe 12thpanelcontains
the averagevariancefor all runs,with the correspondindl-o disper

sion.

thereliability of the predictions but alsoto quantify the inter-
val in which obseneddataareexpected.

The velocity statisticsshavn above dependon DM halo
massyredshiftandcosmologyFigs.4 and5 illustratethe mass
andredshiftdependencén the samefigureswe shav analytic
fits, basednlineartheory to thevelocity statisticsIn particu-
lar, streamingvelocitiesarereasonablyvell fit onthe scaleof
interestby the simple linear theory predictionof equation?.
A weak massdependencés noticeablehowever it is much
strongerfor gradientand randomvelocities.Sucha massde-
pendencés expectedsincehalosarebiasedracersof themass
(seealsoHamaneetal. 2003).

Becausef the self-similarcharacteiof gravity, we expect
to be ableto fit the mass-dependend®y a simple function of
thespectramomentss; (equatior8). The massof thehalode-
pendono; (R), while thevelocity varianceslependn oo (R)
(equations6 and 7). The (top-hat) co-moving smoothingra-
dius R is connectedo the halo massM throughthe relation
47 R3py = M, wherep, is the actualaveragematterdensity
With this M — R relation the massvariancerelative to M,
D(z)o(M) is thencomputed. The massdependencef ran-

1 Noticethatthemassvariances (M) is, by definition, linearly ex-
trapolatedto z = 0, to obtainits valueat z it is multiplied by the
growing modeD(z).

domandgradientvelocitiesis thenreasonablyvell reproduced
(Fig. 4,5) by

1 . o
hgrad,ﬁt(R) = —B(G,D)O'Q(R) (1 + 08W> (14)
1 . o 05] 7!
/Ura‘nd,ﬁt(R) = %((LD)U(](R) 1+ <W) ] (15)

wheredr R3py = M. They give acceptabldits at scaledarger
than 10 co-moving Mpc, althoughsomeresidualmassdepen-
denceis present;in particular more massve objectsare not
perfectlyreproduced.

We have verified thatthe dependencen cosmologicalpa-
rameterss correctlyreproducedy thesdfits by performingad-
ditional PINOCCHIO simulationsusingthesamerandomseeds
to belessaffectedby samplevariance.

4. Obser vational consequences

In the previous sectionsve characterisethe effect of peculiar
velocitieson the distribution of halosin redshiftspaceTo ap-
ply this resultto galaxieswe needto known how to associate
galaxieswith darkmatterhalos.In this sectionwe applyavery
simplebiasingschemewvherewe associatgalaxiesof a given
type with haloswith the sameco-moving spacedensity More
complex schemeéave appearedh theliterature(e.g.basedn
the halo occupationdistribution, Berlind et al. 2003) but our
model hasthe advantageof simplicity andit is sufficient for
our purposeé.

Lya emittersarethe mostnumerouemissionselecteb-
jects known at high redshifts,suggestingthat they mustin-
habitrelatively low-masshalos.In a deepsearchin two fields
at z=2.85and z=3.15Fynboet al. (2003) determinedhe co-
moving spacedensity nr,, Of spectroscopicallyconfirmed
Ly« emittersdown to their Ly« flux detectiorlimit of 7x 1018
ergs ' cm 2 to belog(nrya) = —2.6. Assumingthat 100%
DM haloshosta Ly« emitter themeasuredpacedensityin our
cosmologyis typical of halosof masst x 10! M. Theduty
cycle could be lower than 100%; for LBGs, only 25% shov
significantLya emission(e.g.,Shaplg etal. 2003).However,
thisis likely to bealowerlimit to theduty cycle of typical Ly«
emittersthathave smallerstarformationratesandthenareless
affectedby dustobscurationlf a 25% duty cycle is adopted,
the correspondindhalo masslowersto 2 x 10! Mg, . These
numbersshouldbraclet the solution,andjustify the choiceof
~ 3 x 10! M, anticipatedn Section2.2.

4.1. The influence of velocities on Ly« filaments

Severalpropertiecombineto make Lya emittersagoodtracer
for mappinglarge-scalestructure.Becausethey have higher

2 Noticethatin this schemave only assumehata galaxyof agiven
(stellar)massis typically associateto a DMH of agivenmassWe do
not assumea direct proportionalitybetweengalaxyand DMH mass,
which we know it is not presentin real galaxies(see,e.g., Persic,
Salucci& Stel1996).
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analyticfits (equations/, 14 and15).
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spacadensitythanary otherclassof detectablebjectsat high
redshiftsthey provide the bestpossiblesamplingof structures
at all scalestheir redshiftis always measuredrom the same
emissionfeatureso redshiftsare obtainedin a very homoge-
neousway, and their low massesnake them weakly biased
tracersof thelarge-scalestructure A naturalpredictionof hier-
archicalclusteringis thenthelik ely detectionof filamentsand
pancalesin the 3D distribution of Ly« emitters.One suchfil-
amenttracedby Lya emittershasbeendetectedat z = 3.04
(Mgller & Fynbo2001),but the inferred 3D propertiesof fil-
amentswill be modified by peculiarvelocitiesandto recover
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their true propertiest is necessaryo understandhoseeffects
which canbedividedinto threedistinctcomponents.
Thestreamingvelocity of galaxiesonthe obseredscaleof
the filamentwill changethe meanredshiftby a smallamount,
~ 150 km s~! on scalesof tensof Mpc, amountingto a neg-
ligible shift in redshiftof 5 x 10~*. The gradientcomponent
will distortthe viewing angleof thefilament;in particularthe
relative (systematicerrorontheline-of-sightdimensiorof the
filamentwill be:
%(1 + 2)

=T HR) (16)
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(Thegradientis multiplied by (1 + z) becauseheHubblecon-
stantis definedin termsof physicaldistance,n placeof co-
moving). At thatscalethe gradientwill be of about10km s—!

Mpc~1, andthe relative error will be 0.13 (for a Hubble con-
stantof 312km s~ Mpc—!, which is the Hubble constantat
z = 3 in the assumedtosmology).This will be the relative
error also of the arc cosineof the viewing angle.The corre-
spondingsystematicerror on the inclination anglewill hence
typically be about2-3°, which is similar to the 1.9’ errordue
to sparsesamplingon the inclination angleof the z = 3.04

filament(Weidingeret al. 2002).

Randomvelocitieswill thicken the filament. For our test
case,velocitiesjust above 100 km s~! are expected,so they
will contributein asimilarway asthetypical uncertaintyin the
redshift.

Theseeffects shouldbe taken into accountwhen estimat-
ing, for instancethe cosmologicaparameter®y applyingthe
extendedAlcock-Paczyhskiteston the distribution of viewing
angleg(Mgller & Fynbo2001;Weidingeretal. 2002).

4.2. Enhancement of clustering in redshift space

The power of the approachpresentedheregoesbeyonda sta-
tistical quantificationof the effectsof thevelocity components.
We illustratethis point by giving an exampleof interpretation
of databasedn simulatedcatalogue®f Lya emitters.

Fynboetal. (2003)detecteda significantdegreeof redshift
clumpingin thefield arounda DLA towardthe quasaiQ2138-
4427 (at = = 2.85). This is clearly visible in their Fig. 8,
whereredshiftsclump into a limited interval, much narrover
thanthe redshift-depthcorrespondindo thefilter. In the other
field of that study (Q1346-0322at z = 3.15), the redshifts
are uniformly distributed over the rangedefinedby the filter.
Theclumpingcanbequantifiedby o, theroot-mean-squaref
the redshiftdistribution, found to be 0.018(with 19 emitters)
and0.006(with 23 emitters)for thefields of Q1346-0322and
Q2138-442tespectiely. Theser, valuesshouldbecompared
to the expectedvalueof 0.019basedon a simpleMonte Carlo
simulationusing the filter transmissioras selectionfunction.
HencetheQ2138-442T7ield clearlyshavsasignificantdegree
of structure Similar redshiftclumpinghasbeenreportedn the
fieldsof two radiogalaxiesatredshiftsz = 2.14 andz = 4.10
(Pentericcietal. 2000;Venemangtal. 2002).

It is interestingto ask how often and underwhich condi-
tions doessimilar redshiftclumpingoccurin the simulations?
Peculiarvelocitiescaninfluencethe clumping of redshiftsin
differentways.While streamingflows shift the whole redshift
distribution, gradientvelocities can increaseor decreaseahe
dispersiono, . If a mildly non-linearstructure(a filamentor
a pancale) is presentin the field, it is known that the pecu-
liar velocity field (its gradientcomponentin our terminology)
will tendto flattenit, thusdecreasingr, (see,e.g., Strauss&
Willick 1995).Randomvelocitieswill insteadtendto increase
[

To assesshe likelihoodof the obsered o, valuesandthe
influenceof peculiarvelocitieswe extract 15 mock catalogues
from eachof the P2runs.Eachmockcatalogués extractedby

picking randomredshift-spac@olumeswith sizescorrespond-
ing to the volumesampledy the obsenationandselectingall
DM halosmoremassvethan3 x 10'* M, containedn thevol-
ume.The connectionbetweenminimal Lya flux andminimal
halomasss fixedloosely(seeSect.4.1-4.3),sothe numberof
emittershereis to beconsideredsindicative. However, aslong
as suchsmall halostracethe samestructurenearly indepen-
dently of mass,o. shouldnot be affectedby this assumption.
Referringto a filter FWHM of 60 A andafield of view of 6.7
arcmin,we extractvolumesof 12.4 x 12.4 x 47.0co-moving
Mpc (theline of sightcorrespondingo thelongerdimension).
Boxesarerequiredto containat leastthreeobjects.Redshifts
are computedalong the major axis of the extractedvolume.
Fig. 6 shavstheresultingo, of theredshiftdistributionsof the
mock cataloguessa function of the numberof mockemitters
found in the box which is a measureof overdensity The o,
valuesare computedboth neglectingandconsideringpeculiar
velocities.Thelinesshaowv theaverageand+-1-o intervalsof the
o, distribution. The expecteds, valuein caseof no clumping
is 0.0142;dueto the well-known clusteringof halos, signifi-
cantlylower valuesareexpectedon average.

Theobsenationalpointsarereportedaswell. As thefilters
aremoresimilarto Gaussianshanto top-hatsthe expecteds,
valuefor a uniform distribution (0.019)is higherthanin our
casewhich assumed top-hat(0.014), thereforewe multiply
theobsenredvaluesby 0.014/0.019 = 0.737.

As it is apparentpeculiarvelocitiesareresponsibldor de-
creasinghevalueof o, by somel0%whenit is alreadysmall;
thesearecasef filaments(or pancales)seenperpendicularly
to the line of sight, wherethe effect of flatteningby peculiar
velocitiesis largest. The two obsened points are well within
thepredictedrange sothesefieldsareby no meangarecases.
In particular thelow valueof o, in theQ2138-4427ield, cou-
pledto the moderatelyhigh value of the overdensityinferred,
canbeinterpretedasmentionedabove, asthe effect of a flat-
tenedstructurelt is al.76s eventsoequallylow valuesof o,
will be expectedin 4.5% of all obsenedfields. If peculiarve-
locities are neglected,the Q2138-4427ield turnsout to be a
1.93% event,only marginally raret

Pentericcetal. (2000)andVenemangtal. (2002)bothuse
the obsened redshift clumping to argue for substantialover-
densitiesaroundradio galaxies,and claim thesesuggestthe
detectionof a protocluster They assumehat the overdensity
0 canbeestimatedrom

Nobs X fwhmgeer

5= (17)

N field X fwhm, '

wheren,;s is theobsenednumberdensityin thefield contain-
ing the radio galaxy n .4 is anestimateof the numberden-
sity of areferencdield andfwhmg, andfwhm, arethefull-
width-at-half-maximaof thefilter transmissiorftransformedo
redshift space)andthe obsened redshiftdistribution, respec-
tively. However, as seenfrom Fig. 6 ¢, is not a decreasing
functionof density In fact,it is morelikely to havealow o, in
theredshiftdistributionin afield with few Ly« emittersthanin
anoverdensdield. Therefore the only valid way of resolving
whetherradio galaxiesarelocatedin protoclusterss to obtain
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Fig. 6. Redshiftdispersiong ., of Lya emittersselectedn a narraw-
bandfield as function of the numberof emitters.A big filled cir-
cle anda big stardenotethe fields aroundQ1346-0322and Q2138-
4427 (Fynboet al. 2003),respectiely. Filled trianglesdenotes . in
165 mock samplesof Ly« emitters,the meanand 1 sigmadisper
sion areindicatedby thick andthin dashedines respectiely. In the
mocks,Lya emittersareassumedo residein halosmoremassve than
3 x 101 M,. Full linesandfilled squaresieglect peculiarvelocities.
Thehorizontaldottedline denotegshe meandispersionn theabsence
of peculiarvelocitiesandclusteringHalo clusteringdecreases ., sig-
nificantly (dottedline comparedo full line) but peculiarvelocitiesdo
not have a strongeffect (dashedine comparedo full line). The ob-
sened pointsfall well within therangecoveredby themocks.

anaccurateneasuremeraf the numberdensityof galaxiesin
blankfieldsat similar redshifts.

5. Conclusions

We have characterisedndquantifiedthe effect of peculiarve-
locities in the reconstructionof large-scalestructureat high
redshift,with particularattentionto Ly« emittersastracers.

With the aid of PINOCCHIO simulationswe have decom-
posedthe velocity field of DM halosinto a streamingflow, a
gradientanda randomvelocity term,andcomputedhemasa
function of scale.The dependencef thesevelocity statistics
on halomassredshiftand cosmologyhasbeenquantifiedand
fitting formulaehave beenproposed.

The main effects of thesevelocity component®n the ob-
senationalpropertiesof Lya emittershave beenanalysedln
particular streamingflows are determinedby fluctuationson
very large scales,and are strongly affected by samplevari-
ance,but have a modestimpacton interpretationof obsena-
tions. Gradientflows are mostly important,in that they influ-
encethe quantitatve reconstructiorof structuredik e theincli-
nationangleof filaments,importantfor applyingthe extended
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Alcock-Paczyhski test (Mgller & Fynbo 2001), or the root-
mean-squaref the redshift distribution, importantto recog-
niseflattenedstructureqpancalesor filaments)perpendicular
to theline of sight.Randomvelocitiesaretypically below or of
the sameorderasthe obsenationaluncertaintyon theredshift.

Theresultspresentetherehave beemappliedto quantifythe
influenceof peculiarvelocity in the reconstructediewing an-
glesof filamentsat z ~ 3. In particular the effect of streaming
velocitiesis negligible, gradientvelocitiesgive anerrorof 2-3°
degrees similar but largerthanthe typical error dueto sparse
sampling,while randomvelocitiesaddto the ~ 100 km s~!
error on the redshift. Clearly, a properquantificationof such
errorsis necessaryo implementan Alcock-Paczyhski testto
theinclination of filaments.

As afurtherexampleof thepowerof thisapproachwe have
generatedanock catalogueof Ly« emittersto assesshesignif-
icanceof a detectednarrown distribution in redshiftin a deep
exposure.The obsenationis foundto be a ~20 event corre-
spondingto a sheetof galaxiesseenfaceon. Peculiarveloc-
ities give a modestbut significantcontribution to the narrow-
nessof the redshiftdistribution, andthis againcorrespondso
the dominanteffect of gradientvelocitieswith respecto ran-
dom. Moreover, we do not noticea significantanti-correlation
betweertheabtundanceof emitters atracerof overdensityand
the degreeof clumpinessat variancewith what assumedy
Pentericcietal. (2000)andVenemangtal. (2002).

The resultspresentecherewill be importantfor interpret-
ing theupcomingdataon thelarge-scalestructureastracedby
Lya emitters.Furtherwork will be aimedat generatingnock
cataloguesf Lya emittersthatcloselyreproducehe obsena-
tional selectioneffects,in orderto device tight obsenational
teststo the hierarchicaklusteringmodelat z 2 2.
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Steidel,C. C., Adelbeger, K. L., Shaplg, A. E. etal. 2000,ApJ, 532,

170 ¥(a) =v1(a) + ¥2(q). (A.1)

StraussM. A. & Willick, J.A. 1995,PhysRep,261,271
Taffoni, G., Monaco,P, & Theuns,T. 2002,MNRAS, 333,623

, Clearly ¢y hascontritutionsfrom the full rangeof waves,
Tormen,G. & BertschingerkE. 1996,ApJ, 472,14

VenemansB. P, Kurk, J. D.. Miley, G. K. etal. 2002,ApJL. 569,11 2A, to L. Of coursethe spacingof grid 1 is coarserthanof
Warren S.J .&'li/lzller, P‘ 1596 A&’A '31'1 25' ' A grid 2, A; > Ay, soequation(A.1) involvesaninterpolation

Weidinger M., Mgller, P, Fynbo,J. P. U., ThomsenB. & Egholm,M. from the coarsetto thefiner grid. But the key pointis that, as

P 2002, A&A, 391,13 long asthe operationsve aregoingto do on v arelinear, we
Zeldovich YA. B. 1970, Astrofizika, 6, 319 (translated in Can performthemon grids 1 and 2 completelyindependent,
Astrophysicsg, 164[1973]) andjust addtheresultatthe endto computethe collapsetime

for the verticesof the higherresolutiongrid. The restof the
PINOCCHIO calculatiomnow only appliesto thehighresolution
grid, but notethatwe have to be aware of boundaryeffectson
the edgeof the smallergrid.
Tormenand Bertschinger(1996) describean algorithmto in- Wheninitialising the Gaussiarfluctuationson thesegrids,
creasethe dynamic range of a simulation by adding long- We use the power spectrum P(k)©(k1) on grid 1, and
wavelengthperturbationsafter the simulationhasbeendone. (k) (1 — ©(k1)) ©(k2), where P(k) is the wanted linear
However, aspointedoutby Cole(1997) thealgorithmneglects POWer-spectrum andthe Heaviside function restrictsthe con-
the couplingbetweerlong-wavelengthiinearmodesandshort-  tribution from waves >k, respectiely k. k; denotesthe
wavelengthon-lineamodesandthis stronglyaffectstheclus-  Nyquistfrequeny on the high-resolutiongrid, and &, should
tering of halos.Fortunately this is not a problemin pinoc- besmallerthanthe Nyquistfrequeng of the lower-resolution
CHI0, sinceit is easyto incorporatethe effect of long wave- 9rid butlargerthan2z /L.
lengthmodeson the non-linearcollapseof structuresorrectly For the box andgrid lengthsgivenin Section2.2 (L, =
We begin by giving avery brief overview of thepinoccHIO al- 657", La/As = 256, Ly = 8L> = 520 h~' Mpc, L1 /A =
gorithm, andthenproceedo describehow onecaneasilyadd 64), we foundthatagoodchoicefor k1 = 7/ L;. Theeffective
long wavelengthmodes. dynamicrangeof thesesimulationgs thus(L; /A3)? = 20483,
The standardPiNOoCCHIO algorithm operaten an actual whereasthe simulation time is more similar to performing
realisationof a|ineardensityﬁe|d generated)n aregu|argrid, two 2563 simulations Giventhatthe simulationtime is domi-
identicalto thegrid usedin theinitial conditionsof an N-body hatedby thefastFouriertransformson the grid which scaleas
simulation. In a first step,a ‘collapsetime’ is computedfor N log(IV), with N = (L/A)?, this is a speed-upf a factor
eachgrid point (‘particle’) using a truncationof Lagrangian 352,andwe areeffectively performinga2048* simulationin a
perturbatiortheorybasedbn ellipsoidalcollapse The collapse few hoursonaPC.
time is the time at which the particle is deemedto fall into
a high-densityregion (a halo or filament).In the secondstep,
collapsedparticlesare gatherednto halos,usingan algorithm
that mimics the hierarchicalbuild-up of halos(seeMonacoet
al. 2002afor moredetails). To checkthe accurag achiered by PINOCCHIO in predicting
The calculationof the collapsetimes itself also involves thethreevelocity statisticsdefinedin Section2.3 we compare
two steps|a) aseriesof linearoperationsn theinitial density PINOCCHIO resultto thoseof two different2563 N-body sim-
field, followedby (b), a non-linearcalculation.For a Gaussian ulations,the 100Mpch runusedby Monacoet al. (2002b)and
randomfield, thelong- andshort-wavelengthperturbationsare Taffoni etal. (2002),andthe250Mpc/h presentedby Fontanot
by definitionindependentthereforeit is trivial to performthe et al. (2003).In both caseswe run PINOCCHIO with a single
first stepfor long andshortwavelengthseparateln contrasto  grid, andonthe sameinitial conditionsasthe simulationsThe
the Tormen& Bertschinger(1996)implementationthe result assumedosmologiesresimilarthereferenceone,exceptthat

Appendix A: Adding long wavelength modes to
PINOCCHIO

Appendix B: PINOCCHIO accurac y in recovering
peculiar velocity components
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Fig. A.1. Velocity statisticscomparingPlNOCCHIO and N-bodyruns.
Upper panelsshav the 100 Mpc/h simulation of Monaco et al.
(2002b)for M > 3 x 10'" Mg atz = 2, lower panelsthe 250
Mpc/h simulationof Fontanotetal. (2003)for M > 3 x 10'2 M, at
z=0

h = 0.65 in the first simulation,andog = 0.8 in the second
one. For the first simulationmassresolutionis a factor of 3

lower, sothat3 x 10! M, halosarethe smallesteliableones.
For the secondsimulationthe massof the particleis ~ 10*!

Mg, sothatonly haloswith M 2 5 x 10'2 M, arereliable.
In orderto have a sufficient numberof halos,we testthis sim-

ulationat z = 0. Halosin both simulationshave beenselected
with the usualfriends-of-friendsalgorithmwith linking length
0.2timestheinterparticledistancg(Jenkinsetal. 2001).

Fig. A.1 shows the streaminggradientandrandomveloc-
ity statisticsboth for the PINOCCHIO and N-body runs.On
scaledargerthan10co-movingMpc atz = 2 (or 20atz = 0)
PINOCCHI0 underestimatetherandonvelocity systematically
by ~30 km s~! while it reproducedairly well the streaming
velocity. The gradientcomponentis underestimatet worst
by ~30%. At smallerscalestheseunderestimateare larger,
but the qualitatve behaiour is alwaysreproduced.

This level of agreements expected,becauseiNOCCHIO
velocitiesare basedon the Zel'dovich (1970) approximation,
whichis known to reproducewell thelarge-scalevelocity field
but to underestimat¢he small-scalehighly non-linearveloci-
ties. Thelatteraretheresultof infall of halosontoneighbours.

As thescalef interestarethoserelative to thelarge-scale
structuresobsened (lik e filaments),roughly correspondingo
the cross-@er of streamingand randomvelocities,we con-
cludethat PiINOCcHI 0O is sufficiently accuratefor our present
purpose.



