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Abstract. We investigatetheeffect of peculiarvelocitieson theredshiftspacedistribution of ������ galaxies,andwe focus
in particularon Ly� emitters.We generatecataloguesof dark matter (DM) halosand identify emitterswith halosof the
sameco-moving spacedensity(���������! #"%$'&(&) #*,+#-/.1032!465 
7
98;: ). We decomposethepeculiarvelocity field of halosinto
a streaming,gradientandrandomcomponent,andcomputeandanalysetheseasa functionof scale.Streamingvelocitiesare
determinedby fluctuationsonverylargescales,stronglyaffectedby samplevariance,but haveamodestimpactoninterpretation
of observations.Gradientvelocitiesarethemostimportantasthey distort structuresin redshiftspace,changingthe thickness
andorientationof sheetsandfilaments.Randomvelocitiesaretypically below or of thesameorderasthetypicalobservational
uncertaintyon theredshift.We discusstheimportanceof theseeffectson theinterpretationof dataon thelarge-scalestructure
astracedby Ly� emitters(or similarkindsof astrophysicalhigh-redshiftobjects),focusingontheinducederrorsin theviewing
anglesof filaments.Finally we compareour predictionsof velocity patternsfor Ly� emittersto observationsandfind that
claimsof galaxyoverdensitiesaroundhighredshiftradiogalaxiesbasedonredshiftclumpingin severalpapersin theliterature
areill-founded.
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1. Intr oduction

It hasbecomefeasibleto obtain accurateredshiftsfor large
samplesof distant objectsand produce3-dimensionalmaps
of the universeout to redshifts3 and beyond. This has al-
lowed quantitative studiesof the large-scalestructureof the
distant Universe using Lyman-BreakGalaxies (LBGs, see,
e.g.,Adelberger et al. 1998;Miley et al. 2004),Ly < emitters
(Warren& Møller 1996;Steidelet al. 2000;Møller & Fynbo
2001;Fynbo,Møller& Thomsen2001;Shimasakuetal.2003),
extremely red objects(Daddi et al. 2003), or radio galaxies
(Pentericcietal. 2000;Venemansetal. 2002)astracers.These
surveys areconsistentwith the galaxiestracingthe character-
istic filamentarypattern,aptly calledthe ‘cosmic web’ in the
darkmatter, a genericfeatureof structureformationin a cold
darkmatterdominateduniverse.

In such3D mapsthe third dimensionis given by redshift
and thereforethey aredeformedby peculiarvelocitiesof the
galaxies.For example infall onto clustersintroducesa char-

Send offprint requests to: P. Monaco
Correspondence to: monaco@ts.astro.it

acteristic ‘finger of god’ patternin the CfA redshift survey
(Huchraet al., 1983). The peculiarvelocitiescan in a natu-
ral way be thoughtof as the sum of threecomponents=�>@? a
streamingflow (driven by fluctuationson very large scales),
=A>B>C? a coherentcomponentthat distortsthe large-scalestruc-
tureand =A>B>B>C? asmall-scalenoisetermdueto highly non-linear
motions.Peculiarmotionsmaychangetheapparentinclination
angleatwhichfilamentsareobserved,soif onewishesto apply
anAlcock-Paczýnski teston thedistribution of inclinationan-
glesof filaments(Alcock & Paczýnski 1979;Møller & Fynbo
2001),thenit is imperative to understandat which scalessuch
ananalysiswill not besystematicallybiased(Weidingeret al.
2002).Peculiarmotionsmayalsoleadto anapparentenhance-
mentin theclumpinessof theredshiftdistributionof Ly < emit-
tersin deepnarrow-bandobservations,aswe will show below.

In thispaperwefollow Haehnelt,Natarajan& Rees(1998)
and identify Ly < emitterswith halosin our DM simulations
by requiringthat thehalosof thecorrespondingmasshave the
samenumberdensityastheLy < emitters.Sucha simplebias-
ing schemeshouldwork well if the duty cycle of Ly < emis-
sionis closeto one.Wetheninvestigateto whatextentpeculiar
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velocitiesinfluencethe observeddistribution of Ly D emitters.
Althoughwefocusonthelarge-scalestructureastracedbyLy D
emitters,ourconclusionscanbeappliedto otherclassesof ob-
jectsaswell.

This paperis organisedas follows. In Sect.2 we decom-
posethe velocity field of DM halosinto streaming,gradient
andrandomcomponents,andshow how to estimatesuchve-
locity componentson DM halo cataloguesgeneratedwith the
PINOCCHIO code(Monacoet al. 2002).In Sect.3 we quantify
thevelocitycomponentsandgiveanalyticfits to reproducethe
results.Theobservationalconsequencesof theseresultson the
reconstructionof viewing anglesof filamentsandon the red-
shift distribution of Ly D emittersin narrow bandimagingse-
lectedvolumesathighredshiftaregivenin Section4.Section5
concludes.More detailson the extensionof the PINOCCHIO

codeto multi-scalerunsandon the connectionbetweenDM
halosandobservedastrophysicalobjectsaregivenin threeap-
pendices.

In this paperwe assumea scaleinvariant,vacuumenergy
dominatedflat universewith parametersEGFIHKJLFNM/J7OPJ@QRJ@S�T,UWV
EGXZY [ZJ6X\Y�]^J`_^J6XZYa]bJLXZY cRU (e.g.Spergelet al. 2003),wherethesym-
bolshave their usualmeaning.

2. Quantification of peculiar velocity
components

Considerasetof DM halosin agivenvolume;the(highly cor-
related)peculiarvelocity field tracedby thesehaloscanbede-
composedin threecomponentsthat have different effects on
observationsin theredshiftspace(e.g.Weidingeret al. 2002):
(i) the meanvelocity of the set, or streamingvelocity, (ii) a
gradientcomponentof velocitiesalongthevolumeand(iii) the
residual(random)component.Performinga Taylor expansion
of the peculiarvelocity aroundthe set’s meanvelocity, these
componentsare:

d Vfe^g�h
i E d Ukjlh

m dm#n
V i E dZo U�prqAE dtsudZo Uwv�xzy|{ i E dZo U}p iR~ E d U�Y (1)

Here, h is the scalefactor, d is the co-moving positionof
the halo, and the peculiarvelocity i at position d is written
as a sum of a streaming,gradient,and randomcomponent.
Thegeometricalmeaningof thethreetermsis straighforward:
the streamingvelocity givesa bulk motion of the whole set;
the gradientcomponentis responsiblefor distortionsof the
redshift-spacepatternsandcanchangethe shapeof the struc-
turetracedby theset;randomvelocitiesareconsideredhereas
a noise.Note that the gradientcomponentis a tensor, but we
will restrictourselvesto thediagonalcomponents:

Q���V����,�6g����w��Y (2)

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

2.1. Velocity components in linear theory

It is usefulto considerthe predictionsof linear theoryfor the
three velocitiesdefinedabove (equation1) as a function of
scale,bothto haveanideaof theirbehaviour andasabasisfor
constructinganalyticfits of the simulationresultsin the next
section(seealsoHamanaet al. 2003).

In theZel’dovich (1970)approximation,thepeculiarveloc-
ity i of ahalois relatedto thegravitationalpotential� by (e.g.
Peebles1980)

i V s h|E n UN�� E n U�x���J (3)

wherea dot denotesa time derivative. In turn, � is relatedto
theunderlyingdensityfield ��E d J n U�j���E d J n U7g,����E d J n U6� through
Poisson’sequation,

x����}E d J n U�V _
h ��E d J

n U�Y (4)

In theseequations
� E n U is the growing modeof the den-

sity perturbation.If �KE7�\U denotesthepower spectrumof den-
sity fluctuations,thenPoisson’sequationcombinedwith equa-
tion (3) shows that the spectrumof velocity perturbationsis
�������\� � �KE7�RU . Thereforethe (1D) varianceof the peculiar
velocity in lineartheoryis

S��� V _
[ E7h �

� UG� _�^� �
�
o �KE��\U m �NY (5)

Note that S �� convergesreadilyon small scaleswhere �KE7�RUW�
��� with O¡  s � to s [ , but convergesonly slowly on large
scales,asis well known.

We now focuson a systemof size ¢ to decomposeS �� in
termsof a streaming,gradient,and randomcomponent.The
varianceof thestreamingvelocity of thematterin thevolume£

canbe computedby smoothing� with a window function¤k¥ EB¦§U (with
£  �¢W¨ ). If ©¤ denotestheFouriertransformof¤

, then

S �ªG«'¬G­7®L¯ E�¢3UkV _
[ E7h°�

� U � S �o E7¢;U (6)

S �¬G®9±@² E�¢3UkV³S �� s S �ªG«G¬G­7®9¯ E7¢;U7J (7)

where

S �´ E�¢;U/j _�^� �
�
o � ´ �KE��\U ©¤ � E7�|¢;U m �NY (8)

Similarly, thermsgradient

S �µ9¬G®9² E7¢;U�V _
[ E7h°�

� U � S �� E7¢;U�Y (9)

Note that S �� E7¢;U in this equationsis alsothemassvarianceon
scale¢ . In thefollowing wewill useatop-hatfilter, sothatthe
massvariancewill berelatedto sphericalvolumesof radius¢ .

In Fig. 1 we plot thestreaming,gradientandrandomcom-
ponentspredictedby linear theoryat ¶�V �

asa function of
scale¢ . Streamingvelocitiesdominateon scalessmallerthan
 ·[�X Mpc; on larger scalesrandomvelocitiesdominate.The
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Fig. 1. Predictionsof lineartheoryfor thethreevelocitystatistics.Left panel:streamingandrandomvelocities(equations7 and6). Rightpanel:
gradientvelocity (equation9).

cross-overscaleis a measureof thevelocity correlationin lin-
ear theory, and is similar to the sizeof the largestobservable
structure(filamentor void) atthegivenredshift.Thermsgradi-
ent ¸�¹9ºG»L¼R½7¾;¿ is usuallyasmallfractionof theHubbleconstantÀ ½�Á�¿ .

In thenext sectionwe computethesevariancesusingsim-
ulations.

2.2. Simulations

As we saw in the previous section,peculiar velocity fields
arecorrelatedover large scales,hencesimulationsneedto be
performedin a large volumeto adequatelysamplethe large-
scalemodes.Combinedwith the needto be able to resolve
smallhalos,werequiresimulationswith alargedynamicrange.
Furthermore,to testconvergenceof resultsandbeatdown on
samplevarianceweneedto runmany simulations.ThePINOC-
CHIO algorithm (Monaco et al. 2002a;Monaco, Theuns&
Taffoni 2002b; Taffoni, Monaco & Theuns2002) is ideally
suitedfor thispurpose.

PINOCCHIO usesLagrangianperturbationtheoryandanal-
gorithmto mimic thehierarchicalbuild-upof DM halosto pre-
dict the masses,positionsandvelocitiesof dark matterhalos
asa functionof time.TheagreementbetweenPINOCCHIO and
a full scale Â -bodysimulationis very good,evenwhencom-
paringthepropertiesof individual halos.PINOCCHIO doesnot
computethedensityprofile of thehalos,andasa consequence
is many ordersof magnitudefasterthanan Â -bodysimulation.
A simulationwith 256Ã particlesrequiresa few hoursonaPC.

As wewill show below, atypicalLy Ä emitterlivesin ahalo
of massÅ�ÆÈÇÊÉÌË�ÍLÍ�ÎrÏ , soif wewantto resolvethishalowith
150particles,thentheparticlemassis ÐÊÇÑÉÌË�Ò@ÎrÏ . In a simu-
lation with Ð�Ó�Ô Ã particles,andgivenour assumedcosmology,
this limits our box sizeto ÅÕÔ�ÓzÖ�×ØÍ Mpc, too smallto properly
samplethe large-scalevelocity field. Fortunatelyit not neces-

Table 1. PINOCCHIO runsperformed,theparticlemassis Ù`ÚÜÛÞÝàß�á�â .ãNä
and å ä (

ãçæ
and å æ ) arethesizeof the low (high) resolutionbox

andgrid spacing,respectively. Runsof given type only differ in the
randomseed.

run id # of runs
ã ä ã ä9è å ä ã æ ã æ9è å æé|ê ä
Mpc

é|ê ä
Mpc

P1 10 - - 65 256
P2 11 520 64 65 256

sary to performmuch larger, computationallyexpensive sim-
ulations,becauseit is straightforwardto addlong-wavelength
perturbationsto PINOCCHIO. This is explainedin AppendixA,
while AppendixB quantifiestheaccuracy of PINOCCHIO in re-
producingthevelocitycomponentsdefinedabove.

To addressconvergenceof peculiarvelocitiesandsample
variance,we have run many realisations(Table1). For theref-
erencecosmology, wehaveperformed10standardPINOCCHIO

runswith a singlegrid of size ëÕì�Ô�ÓzÖw×�Í Mpc andgrid spac-
ing í suchthat ëïî@íðì·Ð�Ó�Ô (íñìòË\ó Ð�Ó�ôzÖw×�Í Mpc), and11
PINOCCHIO runswith two grids,usinga high-resolutiongrid
with ëØõöì÷Ô�ÓzÖw×�Í , ë�õ�î@íÈõöì÷Ð�Ó�Ô , anda low-resolutionwith
ë Í ìùø\ë�õúìùÓ�Ð�ËzÖw×�Í Mpc, ë Í î@í Í ìùÔ�ô (íûì¡øZóaÉÌÐ�ÓIÖ�×ØÍ
Mpc).

2.3. Computing velocity statistics from halo
catalogues

To computestreaming,gradientand randomvelocities from
the PINOCCHIO runs,we have subdividedthesimulatedboxes
into ü�Ã cubic sub-boxesof side ýÿþ����1ì�ý������,î#ü , where ü is a
running integer. For eachsubdivision ü , eachsub-box ½ 	�
 üç¿
(where

	 ì
� Ë 
 ü Ã�� ) is centredon ����� ��� � andcontainsÂ���� � dark
matterhalosmore massive than a given thresholdmass.For
eachsub-box½ 	�
 üç¿ andfor eachspatialcomponent� we com-
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Fig. 2. Velocity statisticsfor haloswith mass��������� � M ! at "$#�% in the PINOCCHIO simulationsof Table1. Thick linesandthin lines
denotethemeanand1-& dispersionof thesestatisticsrespectively, for runsP1(dashed)andP2(full lines).Notehow theP1simulationseverely
underestimatesthestreamingvelocity becauseof themissinglarge-scalepower in thesmallsimulationbox.

putethestreamingandgradientvelocitiesasthezeropointand
slopeof a linear regressionwith respectto position ')( of the
velocities* ( of all thehalos:

*+(�,.-�/�0 1�0 2)354 '76( *+()8 '9( '9(:*+(; 1�0 2 ' 6 ( 8<, ' ( 3 6 (10)

= *+(= ' ( ,.-�/�0 1�0 2)3>4
; 1?0 2 ')(�*+()8 ')( *+(; 1?0 2 ' 6 ( 8<, ' ( 3 6 (11)

Thesumis over the
; 1�0 2 halosin thesub-box ,A@�B CD3 . Random

velocitiesarecomputedasthe residualsof velocitieswith re-
spectto the linear regression.For eachsub-box ,:@EBFCD3 andfor
eachcomponentG wecomputethevarianceof theseresiduals:

H 6I 0 ( ,.-�/�0 1�0 2)3>4 (12)

JLK�M *+(�,.-N398O*+(�,.-�/�0 1�0 29398P,Q-R8S-�/�0 1�0 2)3T(
= * (= ')( ,.-�/�0 1�0 293

Finally, for eachsub-boxsize C we computethe variance
of thesequantitiesover all sub-boxes @ that containat least5
objects(

; 1�0 2VU
W ), andexpressthe resultasa functionof the
sub-boxlength X�YTZ\[ :

* 6Y�]T^�_ `bac0 ( , X�Y�Z�[d3e4 ,f*+(b,Q-�/�0 1?0 2)3�3 6 1
g 6h ^�`�ij0 ( , X�Y�Z�[d3e4

= * (= '9( ,Q-�/�0 1?0 293 6
1 (13)

* 6^�`�k\ij0 ( , X Y�Z�[ 3e4 H 6I 0 ( ,.- /�0 1�0 2 3 1
Notice that the secondquantity,

g h ^�`�ij0 ( , hasthe samedi-
mensionasthe Hubbleconstant,while the othertwo arepure
velocities.In thefollowing,wherenototherwisestated,wewill
show for thethreevelocity statisticstheaverageover thethree
directions.

3. Results

Fig. 2 shows thestreaming,gradientandrandomvelocityvari-
ancesfor haloslarger than lnm7obo M p at qr4ts , asa function
of scaleaveragedover the P1 simulations(dashedlines). As
for lineartheory, onsmallscalesstreamingflowsdominateand
randomvelocitiesarerelatively small,while thereverseis true
at larger scales.However, the relatively modestvalue of the
streamingvelocity is mostlyanartifactconnectedto thesmall
box size and the resulting poor samplingof the large scale
modes;in a low-densityuniversevelocityfieldsarehighly cor-
related,andto achieve convergencefor thestreamingvelocity
it is necessaryto averageovervolumesaslargeasseveralhun-
dredMpc. Fig. 1 shows that the expectedstreamingflow ve-
locity dropsbelow 50km suvo only atscalesof w 200Mpc. The
P2 simulationsdo not suffer from lack of large scalepower,
andthestreamingvelocitiesaremuchlarger(Fig. 2). Notethat
the randomandgradientdispersionsaresimilar in thesmaller
boxes.

Due to the large correlationlength of the velocity field,
the threevelocity statistics(especiallythestreamingmotions)
show a great deal of variation amongdifferent realisations,
which we call samplevariance.Fig. 3 shows the randomand
streamingvelocitiesfor eachof theP2runsseparately. Notice
that the P1 realisationsartificially suppresssomeof the sam-
ple varianceby imposingperiodicboundaryconditions,while
the P2 realisationsdo not have this drawback.Herewe show
in eachpanelthestreaming,gradientandrandomvelocitiesas
computedin the threedirections.The curvesfluctuatemuch
from onerealisationto theother. The12thpanelshows theav-
eragewith 1H fluctuations,thesamequantityshown in Fig. 2.

This figureshowsclearlytheimportanceof a properquan-
tification of samplevariance.This is importantnot only to test
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Fig. 3. Samplevarianceof velocity statisticsfor the 11 runs of the
P2simulation.Continuous,dottedanddashedlinesdenotestreaming,
gradientand randomvelocity variances,respectively. This time, we
show thethreespatialcomponentsseparately. The12thpanelcontains
theaveragevariancefor all runs,with thecorresponding1-x disper-
sion.

thereliability of thepredictions,but alsoto quantify the inter-
val in which observeddataareexpected.

The velocity statisticsshown above dependon DM halo
mass,redshiftandcosmology. Figs.4 and5 illustratethemass
andredshiftdependence.In thesamefigureswe show analytic
fits, basedon lineartheory, to thevelocitystatistics.In particu-
lar, streamingvelocitiesarereasonablywell fit on thescalesof
interestby the simple linear theory predictionof equation7.
A weak massdependenceis noticeable,however it is much
strongerfor gradientandrandomvelocities.Sucha massde-
pendenceis expectedsincehalosarebiasedtracersof themass
(seealsoHamanaet al. 2003).

Becauseof theself-similarcharacterof gravity, we expect
to be ableto fit the mass-dependenceby a simplefunction of
thespectralmomentsy{z (equation8). Themassof thehalode-
pendson y�|j} ~�� , while thevelocityvariancesdependon y��+}F~��
(equations6 and 7). The (top-hat)co-moving smoothingra-
dius ~ is connectedto the halo mass� throughthe relation��� ~D��� ��� � , where� � is the actualaveragematterdensity.
With this ����~ relation the massvariancerelative to � ,� }F�{�Fyv} ��� is thencomputed1. The massdependenceof ran-

1 Noticethatthemassvariancex��:�
� is, by definition,linearlyex-
trapolatedto ����� , to obtain its value at � it is multiplied by the
growing mode�R�:�j� .

domandgradientvelocitiesis thenreasonablywell reproduced
(Fig. 4, 5) by

���������j�  �¡ } ~�� �
¢

£ ¤ } ¥O¦� � y�|{}F~�� ¢¨§ª©�« ¬ y� }F�{�Fy�|+}F~�� (14)

­ ����®\�j�  �¡ } ~�� �
¢

£ ¤ } ¥ ¦� �Fy � } ~�� ¢¨§ y� } �j� y�|+} ~��
��¯ ° ±v²

(15)

where
�E� ~³�n�j� � � . They giveacceptablefits at scaleslarger

than10 co-moving Mpc, althoughsomeresidualmassdepen-
denceis present;in particular, more massive objectsare not
perfectlyreproduced.

We have verifiedthat thedependenceon cosmologicalpa-
rametersis correctlyreproducedby thesefits by performingad-
ditional PINOCCHIO simulations,usingthesamerandomseeds
to belessaffectedby samplevariance.

4. Obser vational consequences

In theprevioussectionswe characterisedtheeffectof peculiar
velocitieson thedistribution of halosin redshiftspace.To ap-
ply this resultto galaxieswe needto known how to associate
galaxieswith darkmatterhalos.In thissectionweapplyavery
simplebiasingschemewherewe associategalaxiesof a given
typewith haloswith thesameco-moving spacedensity. More
complex schemeshaveappearedin theliterature(e.g.basedon
the halo occupationdistribution, Berlind et al. 2003) but our
model hasthe advantageof simplicity and it is sufficient for
our purpose2.

Ly ´ emittersarethemostnumerousemissionselectedob-
jects known at high redshifts,suggestingthat they must in-
habit relatively low-masshalos.In a deepsearchin two fields
at z=2.85andz=3.15Fynboet al. (2003)determinedthe co-
moving spacedensity µN¶�·�¸ of spectroscopicallyconfirmed
Ly ´ emittersdown to theirLy ´ flux detectionlimit of ¹»º ¢n© ±�²�¼
erg s±v² cm± | to be ½A¾�¿7}AµN¶À·\¸v� � �³Á « Â

. Assumingthat100%
DM haloshostaLy ´ emitter, themeasuredspacedensityin our
cosmologyis typical of halosof mass

Â º ¢n© ²b² M Ã . Theduty
cycle could be lower than 100%; for LBGs, only 25% show
significantLy ´ emission(e.g.,Shapley et al. 2003).However,
this is likely to bea lower limit to thedutycycleof typicalLy ´
emitters,thathavesmallerstarformationratesandthenareless
affectedby dustobscuration.If a 25% duty cycle is adopted,
the correspondinghalo masslowers to ÁÄº ¢�© ²�² M Ã . These
numbersshouldbracket thesolution,andjustify thechoiceofÅ ¤ º ¢n© ²b² M Ã anticipatedin Section2.2.

4.1. The influence of velocities on Ly Æ filaments

Severalpropertiescombineto makeLy ´ emittersagoodtracer
for mappinglarge-scalestructure.Becausethey have higher

2 Noticethatin thisschemeweonly assumethatagalaxyof agiven
(stellar)massis typically associatedto aDMH of agivenmass.Wedo
not assumea direct proportionalitybetweengalaxyandDMH mass,
which we know it is not presentin real galaxies(see,e.g., Persic,
Salucci& Stel1996).
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Fig. 4. Velocity statisticsfor differenthalomassesat ÇRÈÊÉ . Theaverageandvariancefor thesimulationP2areshown. Dottedlinesgive the
analyticfits (equations7, 14and15).

Fig. 5. SameasFig. 4 but for ËÍÌÏÎ�Ð�Ñ Ñ M Ò anddifferentredshifts.

spacedensitythanany otherclassof detectableobjectsat high
redshiftsthey provide thebestpossiblesamplingof structures
at all scales,their redshift is alwaysmeasuredfrom the same
emissionfeatureso redshiftsareobtainedin a very homoge-
neousway, and their low massesmake them weakly biased
tracersof thelarge-scalestructure.A naturalpredictionof hier-
archicalclusteringis thenthelikely detectionof filamentsand
pancakesin the3D distribution of Ly Ó emitters.Onesuchfil-
amenttracedby Ly Ó emittershasbeendetectedat ÔÄÕ×ÖdØ Ù�Ú
(Møller & Fynbo2001),but the inferred3D propertiesof fil-
amentswill be modifiedby peculiarvelocitiesandto recover

their truepropertiesit is necessaryto understandthoseeffects
which canbedividedinto threedistinctcomponents.

Thestreamingvelocityof galaxiesontheobservedscaleof
thefilamentwill changethemeanredshiftby a smallamount,ÛÝÜnÞ Ù km sßvà on scalesof tensof Mpc, amountingto a neg-
ligible shift in redshiftof Þªá�Ü Ù ßjâ . The gradientcomponent
will distort theviewing angleof thefilament;in particularthe
relative(systematic)errorontheline-of-sightdimensionof the
filamentwill be:

ã Õ
ä�åä�æNç Üéè Ô{êë ç Ôjê (16)
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(Thegradientis multipliedby ìbíïî�ðjñ becausetheHubblecon-
stantis definedin termsof physicaldistance,in placeof co-
moving). At thatscalethegradientwill beof about10 km ò�ó�ô
Mpc óvô , andthe relative error will be 0.13(for a Hubblecon-
stantof 312 km òEó�ô Mpc ó�ô , which is the HubbleconstantatðÊõ÷ö in the assumedcosmology).This will be the relative
error also of the arc cosineof the viewing angle.The corre-
spondingsystematicerror on the inclination anglewill hence
typically be about2-3ø , which is similar to the 1.9ø error due
to sparsesamplingon the inclination angleof the ð<õùödú û�ü
filament(Weidingeret al. 2002).

Randomvelocitieswill thicken the filament.For our test
case,velocitiesjust above 100 km sóvô areexpected,so they
will contributein asimilarwayasthetypicaluncertaintyin the
redshift.

Theseeffectsshouldbe taken into accountwhenestimat-
ing, for instance,thecosmologicalparametersby applyingthe
extendedAlcock-Paczýnski teston thedistribution of viewing
angles(Møller & Fynbo2001;Weidingeret al. 2002).

4.2. Enhancement of clustering in redshift space

The power of the approachpresentedheregoesbeyonda sta-
tisticalquantificationof theeffectsof thevelocitycomponents.
We illustratethis point by giving anexampleof interpretation
of databasedonsimulatedcataloguesof Ly ý emitters.

Fynboetal. (2003)detectedasignificantdegreeof redshift
clumpingin thefield arounda DLA towardthequasarQ2138-
4427 (at ðtõÿþdú ��� ). This is clearly visible in their Fig. 8,
whereredshiftsclump into a limited interval, muchnarrower
thantheredshift-depthcorrespondingto thefilter. In theother
field of that study (Q1346-0322at ð õ ö�úfí�� ), the redshifts
areuniformly distributedover the rangedefinedby the filter.
Theclumpingcanbequantifiedby ��� , theroot-mean-squareof
the redshiftdistribution, found to be 0.018(with 19 emitters)
and0.006(with 23 emitters)for thefieldsof Q1346-0322and
Q2138-4427respectively. These��� valuesshouldbecompared
to theexpectedvalueof 0.019basedon a simpleMonteCarlo
simulationusing the filter transmissionasselectionfunction.
Hence,theQ2138-4427field clearlyshowsasignificantdegree
of structure.Similar redshiftclumpinghasbeenreportedin the
fieldsof two radiogalaxiesat redshiftsð õrþdú:í�ü and ð õrüdú:í�û
(Pentericciet al. 2000;Venemanset al. 2002).

It is interestingto askhow often andunderwhich condi-
tionsdoessimilar redshiftclumpingoccurin thesimulations?
Peculiarvelocitiescan influencethe clumpingof redshiftsin
differentways.While streamingflows shift thewhole redshift
distribution, gradientvelocitiescan increaseor decreasethe
dispersion� � . If a mildly non-linearstructure(a filament or
a pancake) is presentin the field, it is known that the pecu-
liar velocity field (its gradientcomponent,in our terminology)
will tendto flattenit, thusdecreasing� � (see,e.g.,Strauss&
Willick 1995).Randomvelocitieswill insteadtendto increase
� � .

To assessthe likelihoodof theobserved ��� valuesandthe
influenceof peculiarvelocitieswe extract15 mockcatalogues
from eachof theP2runs.Eachmockcatalogueis extractedby

picking randomredshift-spacevolumeswith sizescorrespond-
ing to thevolumesampledby theobservationandselectingall
DM halosmoremassivethanö	��ínû7ôbô M 
 containedin thevol-
ume.Theconnectionbetweenminimal Ly ý flux andminimal
halomassis fixedloosely(seeSect.4.1-4.3),sothenumberof
emittershereis to beconsideredasindicative.However, aslong
as suchsmall halostracethe samestructurenearly indepen-
dentlyof mass,� � shouldnot be affectedby this assumption.
Referringto a filter FWHM of 60 Å anda field of view of 6.7
arcmin,we extractvolumesof 12.4 � 12.4 � 47.0co-moving
Mpc (theline of sightcorrespondingto thelongerdimension).
Boxesarerequiredto containat leastthreeobjects.Redshifts
are computedalong the major axis of the extractedvolume.
Fig. 6 showstheresulting��� of theredshiftdistributionsof the
mockcataloguesasa functionof thenumberof mockemitters
found in the box which is a measureof overdensity. The ���
valuesarecomputedbothneglectingandconsideringpeculiar
velocities.Thelinesshow theaverageand � 1-� intervalsof the
� � distribution.Theexpected� � valuein caseof no clumping
is 0.0142;due to the well-known clusteringof halos,signifi-
cantlylowervaluesareexpectedon average.

Theobservationalpointsarereportedaswell. As thefilters
aremoresimilar to Gaussiansthanto top-hats,theexpected� �
value for a uniform distribution (0.019)is higher than in our
casewhich assumeda top-hat(0.014),thereforewe multiply
theobservedvaluesby û�ú û»í�ü
��û�ú û»í�� õSûdú���ö�� .

As it is apparent,peculiarvelocitiesareresponsiblefor de-
creasingthevalueof ��� by some10%whenit is alreadysmall;
thesearecasesof filaments(or pancakes)seenperpendicularly
to the line of sight, wherethe effect of flatteningby peculiar
velocitiesis largest.The two observed pointsarewell within
thepredictedrange,sothesefieldsareby no meansrarecases.
In particular, thelow valueof � � in theQ2138-4427field, cou-
pled to the moderatelyhigh valueof the overdensityinferred,
canbe interpreted,asmentionedabove,astheeffect of a flat-
tenedstructure.It is a 1.76� eventsoequallylow valuesof � �
will beexpectedin 4.5%of all observedfields.If peculiarve-
locities areneglected,the Q2138-4427field turnsout to be a
1.93� event,only marginally rarer.

Pentericcietal. (2000)andVenemansetal. (2002)bothuse
the observed redshift clumping to argue for substantialover-
densitiesaroundradio galaxies,and claim thesesuggestthe
detectionof a protocluster. They assumethat the overdensity�

canbeestimatedfrom

� õ�� ø���� �����	���! #" $&%('
�*),+.-0/21 �����	��� �43

(17)

where� ø��5� is theobservednumberdensityin thefield contain-
ing the radiogalaxy, �*)6+7-8/21 is anestimateof thenumberden-
sity of a referencefield and ���	�
�  ," $&%(' and ���	��� � arethefull-
width-at-half-maximaof thefilter transmission(transformedto
redshiftspace)and the observed redshiftdistribution, respec-
tively. However, as seenfrom Fig. 6 ��� is not a decreasing
functionof density. In fact,it is morelikely to havea low ��� in
theredshiftdistribution in afield with few Ly ý emittersthanin
anoverdensefield. Therefore,theonly valid way of resolving
whetherradiogalaxiesarelocatedin protoclustersis to obtain
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Fig. 6. Redshiftdispersion,9;: , of Ly< emittersselectedin a narrow-
band field as function of the numberof emitters.A big filled cir-
cle anda big stardenotethe fields aroundQ1346-0322andQ2138-
4427(Fynboet al. 2003),respectively. Filled trianglesdenote9 : in
165 mock samplesof Ly< emitters,the meanand 1 sigmadisper-
sion areindicatedby thick andthin dashedlines respectively. In the
mocks,Ly< emittersareassumedto residein halosmoremassivethan=?>A@0BDC(C�EGF

. Full linesandfilled squaresneglectpeculiarvelocities.
Thehorizontaldottedline denotesthemeandispersionin theabsence
of peculiarvelocitiesandclustering.Haloclusteringdecreases9 : sig-
nificantly (dottedline comparedto full line) but peculiarvelocitiesdo
not have a strongeffect (dashedline comparedto full line). The ob-
servedpointsfall well within therangecoveredby themocks.

anaccuratemeasurementof thenumberdensityof galaxiesin
blankfieldsat similar redshifts.

5. Conc lusions

We have characterisedandquantifiedtheeffect of peculiarve-
locities in the reconstructionof large-scalestructureat high
redshift,with particularattentionto Ly H emittersastracers.

With the aid of PINOCCHIO simulationswe have decom-
posedthe velocity field of DM halosinto a streamingflow, a
gradientanda randomvelocity term,andcomputedthemasa
function of scale.The dependenceof thesevelocity statistics
on halomass,redshiftandcosmologyhasbeenquantifiedand
fitting formulaehavebeenproposed.

The main effectsof thesevelocity componentson the ob-
servationalpropertiesof Ly H emittershave beenanalysed.In
particular, streamingflows aredeterminedby fluctuationson
very large scales,and are strongly affectedby samplevari-
ance,but have a modestimpacton interpretationof observa-
tions. Gradientflows aremostly important,in that they influ-
encethequantitativereconstructionof structureslike theincli-
nationangleof filaments,importantfor applyingtheextended

Alcock-Paczýnski test (Møller & Fynbo 2001), or the root-
mean-squareof the redshift distribution, important to recog-
niseflattenedstructures(pancakesor filaments)perpendicular
to theline of sight.Randomvelocitiesaretypically below or of
thesameorderastheobservationaluncertaintyon theredshift.

Theresultspresentedherehavebeenappliedto quantifythe
influenceof peculiarvelocity in thereconstructedviewing an-
glesof filamentsat IGJLK . In particular, theeffectof streaming
velocitiesis negligible, gradientvelocitiesgiveanerrorof 2-3M
degrees,similar but larger thanthe typical error dueto sparse
sampling,while randomvelocitiesadd to the NPO�QRQ km sSUT
error on the redshift.Clearly, a properquantificationof such
errorsis necessaryto implementan Alcock-Paczýnski test to
theinclinationof filaments.

Asafurtherexampleof thepowerof thisapproach,wehave
generatedmockcatalogueof Ly H emittersto assessthesignif-
icanceof a detectednarrow distribution in redshift in a deep
exposure.The observation is found to be a N 2V event corre-
spondingto a sheetof galaxiesseenfaceon. Peculiarveloc-
ities give a modestbut significantcontribution to the narrow-
nessof the redshiftdistribution, andthis againcorrespondsto
the dominanteffect of gradientvelocitieswith respectto ran-
dom.Moreover, we do not noticea significantanti-correlation
betweentheabundanceof emitters,a tracerof overdensity, and
the degreeof clumpiness,at variancewith what assumedby
Pentericciet al. (2000)andVenemansetal. (2002).

The resultspresentedherewill be importantfor interpret-
ing theupcomingdataon thelarge-scalestructureastracedby
Ly H emitters.Furtherwork will be aimedat generatingmock
cataloguesof Ly H emittersthatcloselyreproducetheobserva-
tional selectioneffects, in order to device tight observational
teststo thehierarchicalclusteringmodelat IXWNZY .
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Appendix A: Adding long wavelength modes to
PINOCCHIO

TormenandBertschinger(1996)describean algorithmto in-
creasethe dynamic range of a simulation by adding long-
wavelengthperturbationsafter the simulationhasbeendone.
However, aspointedoutby Cole(1997),thealgorithmneglects
thecouplingbetweenlong-wavelengthlinearmodesandshort-
wavelengthnon-linearmodes,andthisstronglyaffectstheclus-
tering of halos.Fortunately, this is not a problemin PINOC-
CHIO, sinceit is easyto incorporatethe effect of long wave-
lengthmodesonthenon-linearcollapseof structurescorrectly.
Webegin by giving averybrief overview of thePINOCCHIO al-
gorithm,andthenproceedto describehow onecaneasilyadd
longwavelengthmodes.

The standardPINOCCHIO algorithmoperateson an actual
realisationof a lineardensityfield generatedon a regulargrid,
identicalto thegrid usedin theinitial conditionsof an [ -body
simulation.In a first step,a ‘collapsetime’ is computedfor
eachgrid point (‘particle’) using a truncationof Lagrangian
perturbationtheorybasedon ellipsoidalcollapse.Thecollapse
time is the time at which the particle is deemedto fall into
a high-densityregion (a halo or filament).In the secondstep,
collapsedparticlesaregatheredinto halos,usinganalgorithm
thatmimics the hierarchicalbuild-up of halos(seeMonacoet
al. 2002afor moredetails).

The calculationof the collapsetimes itself also involves
two steps,(a)aseriesof linearoperationson theinitial density
field, followedby (b), a non-linearcalculation.For a Gaussian
randomfield, thelong-andshort-wavelengthperturbationsare
by definition independent,thereforeit is trivial to performthe
first stepfor longandshortwavelengthsseparate.In contrastto
the Tormen& Bertschinger(1996)implementation,the result

of thecalculationof thetwo stepprocedure(i.e.doinglongand
shortwavelengthsseparate)givesthe identicalresultto doing
thefull calculation,yet requiressignificantlylesscomputation.

Thealgorithmworksasfollows.Think of thelinearpoten-
tial \G]�^*_ , definedon theverticeŝ of a grid. Thegrid spacing`

, togetherwith theextentof thegrid, a , determinetherange
of wavesthat canbe represented,namelybetweenb ` and a .
However, considernow two grids,with spacings̀

dc
and

`!e
,

andextents a c and a e respectively. Grid 2 representsa higher
resolutiongrid containedwithin grid 1, andwewantto addthe
long-wavelengthperturbationsof grid 1 ontogrid 2, increasing
thedynamicrangefrom a e�f ` e to a c�f ` e .

Ontheverticesof grid 2, wecanaddthecontributionsfrom
fluctuationson grid 1 andgrid 2 to obtainthepotential\ :

\X]5^*_hgi\ c ]�^*_Uj4\ e ]5^*_�k (A.1)

Clearly \ hascontributionsfrom the full rangeof waves,
b ` e to a c . Of coursethe spacingof grid 1 is coarserthanof
grid 2,

` cml ` e
, soequation(A.1) involvesan interpolation

from the coarserto thefiner grid. But thekey point is that,as
long asthe operationswe aregoing to do on \ arelinear, we
can perform them on grids 1 and 2 completelyindependent,
andjust addtheresultat theendto computethecollapsetime
for the verticesof the higher resolutiongrid. The rest of the
PINOCCHIO calculationnow only appliesto thehighresolution
grid, but notethatwe have to beawareof boundaryeffectson
theedgeof thesmallergrid.

Wheninitialising theGaussianfluctuationson thesegrids,
we use the power spectrum no](p�_6qr](p c _ on grid 1, and
no](pD_
]8sutvqr]0p c _8_6qr]0p e _ , where no](p�_ is the wanted linear
power-spectrum,andthe Heaviside function restrictsthe con-
tribution from waves

l p c , respectively p e . p e denotesthe
Nyquist frequency on the high-resolutiongrid, and p c should
be smallerthanthe Nyquist frequency of the lower-resolution
grid but largerthanbxw f a e .

For the box andgrid lengthsgiven in Section2.2 ( a e gyRz|{;} c
, a e�f ` e gZb zRy , a c gZ~Da e g z b�� {;}

c
Mpc, a c�f ` c gyR�

), we foundthata goodchoicefor p c giw f a c . Theeffective
dynamicrangeof thesesimulationsis thus ](a c�f ` e _��ogLbR� � ~R� ,
whereasthe simulation time is more similar to performing
two b zRy � simulations.Giventhat thesimulationtime is domi-
natedby thefastFouriertransformson thegrid which scaleas
[��7����]0[�_ , with [�g�]0a f ` _&� , this is a speed-upof a factor
352,andweareeffectively performinga bR� � ~R� simulationin a
few hoursona PC.

Appendix B: PINOCCHIO accurac y in reco vering
peculiar velocity components

To checkthe accuracy achieved by PINOCCHIO in predicting
thethreevelocity statisticsdefinedin Section2.3 we compare
PINOCCHIO resultto thoseof two different b zRy � N-bodysim-
ulations,the100Mpc/

{
runusedby Monacoet al. (2002b)and

Taffoni etal. (2002),andthe250Mpc/
{

presentedby Fontanot
et al. (2003). In both caseswe run PINOCCHIO with a single
grid, andon thesameinitial conditionsasthesimulations.The
assumedcosmologiesaresimilar thereferenceone,exceptthat
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Fig. A.1. VelocitystatisticscomparingPINOCCHIO and� -bodyruns.
Upper panelsshow the 100 Mpc/� simulation of Monaco et al.
(2002b) for � ���r���0�D�(� M � at ����� , lower panelsthe 250
Mpc/� simulationof Fontanotet al. (2003)for �����?�A�0�D��� M � at�G���
��� �D¡ ¢�£

in the first simulation,and ¤R¥ �¦�D¡ §
in the second

one.For the first simulationmassresolutionis a factor of 3
lower, sothat ¨o©�ª ��«�« M ¬ halosarethesmallestreliableones.
For the secondsimulationthe massof the particle is ­®ª � «�«
M ¬ , so that only haloswith ¯±°­ £ ©�ª ��«³² M ¬ arereliable.
In orderto have a sufficient numberof halos,we testthis sim-
ulationat ´ ��� . Halosin bothsimulationshave beenselected
with theusualfriends-of-friendsalgorithmwith linking length
0.2timestheinterparticledistance(Jenkinsetal. 2001).

Fig. A.1 shows thestreaming,gradientandrandomveloc-
ity statisticsboth for the PINOCCHIOandN-body runs.On
scaleslargerthan10 co-moving Mpc at ´ �Lµ (or 20 at ´ �Z� )
PINOCCHIO underestimatestherandomvelocitysystematically
by ­ 30 km ¶x· « while it reproducesfairly well the streaming
velocity. The gradientcomponentis underestimatedat worst
by ­ 30%. At smallerscalestheseunderestimatesare larger,
but thequalitativebehaviour is alwaysreproduced.

This level of agreementis expected,becausePINOCCHIO

velocitiesarebasedon the Zel’dovich (1970)approximation,
which is known to reproducewell thelarge-scalevelocityfield
but to underestimatethesmall-scale,highly non-linearveloci-
ties.Thelatteraretheresultof infall of halosontoneighbours.

As thescalesof interestarethoserelative to thelarge-scale
structuresobserved(like filaments),roughly correspondingto
the cross-over of streamingand randomvelocities,we con-
cludethat PINOCCHIO is sufficiently accuratefor our present
purpose.


