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ABSTRA CT

We present with outstanding detail an extragalactic perspective of an ex-
tendedstellar tidal streamwrapping aroundthe edge-on,spiral galaxyNGC 5907.
Our deep imagesreveal for the �rst time a large scalecomplex of arcing loops
that is an excellent exampleof how a low-masssatellite accretion can produce
an interweaved, rosette-like structure of debris dispersedin the halo of its host
galaxy. The existenceof this structure, which hasprobably formed and survived
for several Gigayears,con�rms that halosof spiral galaxiesin the Local Universe
may still contain a signi�cant number of galactic fossilsfrom their hierarchical
formation.

To examine the validit y of the external accretion scenario, we present N-
body simulations of the tidal disruption of a dwarf galaxy-like systemin a disk
galaxy plus dark halo potential that demonstratethat most of the observed tidal
features observed in NGC 5907 can be explained by a single accretion event.
Unfortunately, with no kinematic data and only the projected geometry of the
stream as constraint, the parametersof our model are considerablydegenerate
and, for now, must be consideredillustrativ e only.

Interestingly, NGC 5907has long beenconsidereda prototypical exampleof
a warped spiral in relative isolation. The presenceof an extendedtidal stream
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challengesthis picture and suggeststhat the gravitational perturbations induced
by the stream progenitor may be the causefor the warp. The detection of an
old, complextidal streamin a nearby galaxy with rather modest instrumentation
points to the viabilit y of surveysto �nd extragalactic tidal substructuresaround
spiral galaxiesin the Local Volume(< 15 Mpc) | with the prospect of obtaining
a censuswith enoughstatistical signi�cance to be comparedwith cosmological
simulations.

Subject headings: galaxies:individual (NGC 5907)| galaxies:dwarf | galaxies:
evolution | galaxies: interactions | galaxies:halos | dark matter

1. In tro duction

The Cold Dark Matter (�CDM) paradigm predicts that stellar halossurrounding large
spiral galaxiesformedthrough the accretionand tidal disruption of satellite galaxies,a notion
previouslypostulated(Searle& Zinn 1978)on empirical groundsfrom the characterof stellar
populationsfound in our own Milky Way halo. Simulations haveshown that the fossilrecords
of thosemergerevents may be detectednowadays in the form of coherent stellar structures
in the outer regionsof the host galaxies.The most spectacularof thesefossil structures are
probably the formation of dynamically cold stellar streams,which aresimilar to long riversof
stars (and likely dark matter) tidally stripped from a disrupting dwarf galaxy and wrapped
around the host galaxy disk, roughly tracing the orbit of the progenitor satellite. The now
well-studied Sagittarius (Sgr) tidal stream surrounding the Milky Way (Ibata et al. 2001b;
Majewski et al. 2003; Mart��nez-Delgadoet al. 2004) and the giant stream in Andromeda
galaxy (Ibata et al. 2001a)are archetypes in the Local Group of these kinds of fossilized
satellite galaxy mergersand provide obvious support for the scenariothat tidally disrupted
dwarf galaxiesare an important contributor to the stellar halosof disk galaxies.

Unfortunately, while the Milky Way and even M31 streams are close enough to be
resolvedinto individual starsthat canbestudied in detail, thesenearby streamscanalsospan
vast areasof sky, which currently presents particular challengesto their study. In contrast,
tidal streamsaround more distant systemscan be imagedin commensuratelysmaller �elds
of view, and | at least for thosestreamsseenin di�use light | with equal contrast, given
the constancyof surfacebrightnesswith distance. However, over the past decade,only a few
casesof con�rmed stellar tidal streamshave beendetectedin disk galaxiesoutsidethe Local
Group (e.g., Malin & Hadley 1997;Forbeset al. 2003;Pohlen et al. 2004,and references
therein), in contrast with the increasingnumber of tidal structures detected in the Milky
Way and M31 in recent years.
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Extragalactic streamsalso o�er a unique perspective to addresssomeinteresting ques-
tions: Is the abundant number of stellar streamsexceptionalin the Local Group or are tidal
streamsas commonas has beenpredicted by current cosmologicalmodels? What can we
learn about the dark-matter halosof the host galaxiesfrom thesestreams?Can we usethese
systemsto study the star formation history of the disrupting dwarf galaxies?The frequency
of streams,their stellar population and orbital propertiesprovide important cluesto the na-
ture of the stream progenitors, lend insights into the underlying gravitational potential and
structure of the massive dark halo they inhabit, and constrain hierarchical modelsof galaxy
formation favored by current cosmologicalmodels. In that respect, an interesting parameter
that may possiblybe constrainedthrough the detection of tidal streamsin external galaxies
is the 
attening of the dark matter halos surrounding the host galaxies. The spatial and
kinematic distributions of streamparticlesare fairly sensitive to this quantit y (e.g.Johnston,
Choi, & Guhathakurta 2002;Helmi 2004;Johnstonet al. 2005;Law, Johnston,& Majewski
2005;Pe~narrubia et al. 2006,and referencestherein) and the shapesand orientations of dark
matter haloswith respect to the disk axi-symmetry plane re
ect the nature of dark matter.
For example, �CDM models predict that dark matter halos are triaxial, with minor axes
perpendicular to the disk plane. On averagethe minor-to-major axis ratio near the center
is c=a' 0:7 (Hayashi, Navarro, & Springel 2007),although halosmay becomeconsiderably
rounder after the baryonic galactic components have formed (Kazantzidis et al. 2004)or if
dark matter is warm (Biermann & Munyaneza2007). Thus, using tidal streamsin external
galaxiesmight be an ideal tool to obtain a signi�cant statistical sampleof 
attening values
that can be comparedagainst predictions from cosmologicalmodels

Thesearguments suggestthat a systematicsurvey for tidal streamsaroundextragalactic
systemswould provide a new way to explore galaxy structure and evolution, with direct
constraints on cosmologicalmodels. Undertaking such a tidal stream survey was urged by
Johnston, Sackett, & Bullock (2001) in their comprehensive discussionof the appearance
and detectability of extragalactic tidal streams.Their analysissuggeststhat a survey of 100
parent galaxiesreaching to a surfacebrightnessof 30 mag arcsec� 2 would reveal many tens
of tidal features;a slightly higher estimateof about oneper galaxy is obtained in their most
recent reanalysisof the problem (Bullock & Johnston 2005). Theseauthors also point out
the advantageof exploring thin, edge-ondisk systemsbecauseof the favorableorientation for
detecting low surfacebrightnessfeaturesagainst light of the parent systemand the abilit y
to assesslimits on the massratio of the satellite and parent galaxy by whether the disk of
the parent appearsto be disturbed.

Johnston,Sackett, & Bullock (2001)estimatedthat a search strategy designedto obtain
reliable photometry along the stream length would require about ten times longer exposure
times that those aimed at detection only. We adopted this approach of striving for deep
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imagesto detect the full path of the tidal stream,which, in the absenceof kinematic data, is
the main input for comparisonwith N-body simulations (seeSec.4).Using this strategy, we
started a pilot survey on somenearby galaxieswhich has proven the conceptwith the dis-
covery of a giant stellar tidal streamaround the spiral galaxy NGC 4013(Mart��nez-Delgado
et al. 2008)and the detection of the faintest parts of the extendeddisk of the nearby spiral
galaxy M 94 (Trujillo et al. 2008,in preparation).

With the hope of improving our understandingof the known tidal streamin NGC 5907,
discovered by Shanget al. (1998), and to demonstratethe sensitivity of the small aperture
telescope used in our survey (seeSec.2.2),we reobserved this system as a commissioning
target. In this paper we present our very deepimage of NGC 5907that revealsadditional
loopsof debrisin the halo (seeSec.3.1)beyond thosereported by Shanget al. (1998). N-body
simulations, described in Sec.4show that most of the newly found featurescan be explained
as piecesof a spectacular, multiply-wrapp ed stream of debris from the tidal disruption of
a single companion galaxy. We also discussin Sec.5the applications of such surveys to
gleana deeper theoretical understandingof galaxy formation and evolution, beyond placing
strong constraints on present cosmologicalscenarios.This foray into a more systematiclook
for tidal streamsin the nearby universehas yielded promising results that encouragemore
aggressive attention to this new way of understanding galaxy structure and evolution as
advocated by the above theoretical studies.

2. Target, Observ ations and Data Reduction

2.1. The Target: NGC 5907

NGC 5907 is a nearby (14 Mpc; Zepf et al. 2000), edge-on,Sc galaxy, very similar
(e.g., type, absolute magnitude, and rotation speed) to the Milky Way. NGC 5907 has
frequently been the target of deepsurveys (radio, optical and near-infrared) becauseit is
an apparently undisturbed, almost edge-ondisk useful for exploring the properties of spiral
disks,determining the properties of dust and gasin disk galaxies,testing for the prevalance
of luminous thick disks and halos, searching for warps, and exploring the strength of dark
matter in disks (e.g. Sancisi1976;van der Kruit & Searle 1981;Casertano1983;Skrutskie,
Shure, & Beckwith 1985; Sasaki1987; Barnaby & Thronson 1992; Morrison, Boroson, &
Harding 1994;Sackett et al. 1994;Lequeux1996,1998;Rand 1996;Dumke et al. 1997;Rudy
et al. 1997;James& Casali 1998;Xilouris et al. 1999;Zhenget al. 1999). Although VLA HI
mapsof this galaxyshowedthat it hasa large-scalewarpedgasdisk (Sancisi1976),NGC 5907
waslong consideredto be a prototypical exampleof a warped disk galaxy existing in relative
isolation sincethe identi�cation of a neighbouring, interacting galaxy was lacking. However,
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deep imaging of NGC 5907 by Shang et al. (1998) has revealed a very faint, elliptically-
shaped ring around the disk, and this has been interpreted to be the remnant of a tidally
disrupted dwarf satellite galaxy, an analogto the debrisstreamcreatedby the Milky Way-Sgr
interaction, although at higher surfacebrightness.

2.2. Observ ation and Data Reduction

Wehaveobtaineddeepoptical imagesof NGC 5907with the 0.5-meterRitchey-Chretien
telescope of the BlackBird RemoteObservatory (BBRO) situated in the Sacramento Moun-
tains (New Mexico, USA). We useda Santa Barbara Instrument Group (SBIG) STL-11100
CCD camera,which yields a large �eld of view (27.70 � 18.20) at a plate scaleof 0.45arcsec-
onds pixel� 1. The image set consistsof multiple deepexposureswith a non-infrared, clear
luminance(3500< � < 8500),a red, a greenand a blue �lter from the SBIG Custom Scien-
ti�c �lter set. Table 1 providesa summary of the imagescollectedduring di�erent dark sky
observingruns during the period June through August 2006. Column 3 refers to the total
exposuretime of the co-addedimagesfrom each �lter obtained with each run.

The scienceimages were reduced using the standard proceduresfor bias correction
and 
at-�elding. A master dark and bias frame was created by combining 10 dark sub-
exposureseach producedat the sameexposurelength and cameratemperature settingsused
for the luminance and the �ltered images. A master 
at was produced by combining 10
separatesky 
at exposuresfor each �lter. The red, greenand blue �ltered exposureswere
separately combined (using a median procedure) to produce red, green and blue master
imagesthat represented the total exposure time for each color �lter. The master images
for each �lter were subsequently summed to produce a synthetic luminance image that
represented the total exposuretime of all the color �lter data. It should be noted that the
exposure lengths represented by each master color channel image were timed to normalize
the color characteristics of the CCD camera's primary imaging chip and thus produced
a synthetic luminance image that very closely matched exposuresproduced with a clear
�lter (seeTable 1). The synthetic luminance image was then combined (using a median
procedure)with all the clear �ltered luminancesub-exposures(seeTable 1) to increasethe
contrast of the di�use light. The resulting �nal imagethus represents the sumof all available
CCD exposurescollectedfor this project, with an accumulated exposuretime of 11.35hours
(including 5.75hours in clear luminance �lter).

To enhancethe faint structuresaroundNGC 5907and disentangle their true appearance
from imagenoisee�ects, the total imagewasprocessedwith the samestrategy that resulted
in the discovery of the NGC 4013 tidal stream (Martinez-Delgado et al. 2008). In short,
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the contrast and detail of the summedimage was optimized by scaling the image using a
non-linear stretch function. This kind of scaling transformation functions works well when
there is a large dynamical range in the structure of interest but most of the features are
faint, as it is the caseof a spiral galaxy with a very bright, compactstellar disk surrounded
by a very faint tidal stream. With the purposeof suppressingthe bright portions of the
imageand intensifying the fainter parts of the stream, we usedan interactive processthat
involves several passesof an S-shaped stretch function to the pixel distribution histogram.
While this method was successfulin revealing the presenceof the surrounding structure, it
also resulted in the over saturation of contrast and signi�cantly reducedintensity variances
within the stellar stream. Oncethe imagewasstretched, a Gaussianblur �lter (Davies1990;
Haralick & Shapiro1992)with a radius of 2 pixels wasapplied to reducethe low level noise
contaminating the image. The resulting noise-�ltered imageis shown in Fig.1.

As discussedabove, our search technique was designedto very clearly reveal the mor-
phology of faint structures (for example, by combining all the available imagesobtained
in di�erent �lters with the clear luminance deep images), but does not permit accurate
photometry. Therefore,follow-up photometric observations are neededto measureaccurate
surfacebrightnessesand to estimate the total luminosity of the detected tidal debris (see
Sec.3.3). Furthermore, the use of an uncalibrated luminance �lter prevents us from esti-
mating the surfacebrightnesslimit that we reached in our deepprobe of the NGC 5907halo
in any particular, standard photometric band. However, the detection of obvious di�use
light structures fainter than thosereported in previousstudies(with a surfacebrightnessas
faint as � R � 27.7 mag arcsec� 2; seeSect. 3.3), suggeststhat our imagesreach a surface
brightness magnitude fainter than the R = 27 mag arcsec� 2 limit of the deep NGC 5907
imageby Morrison, Boroson,& Harding (1994) and Sackett et al. (1994), and the R = 28:7
mag arcsec� 2 limited imageby Zhenget al. (1999).

Regardless,this result is a striking exampleof the scienti�c potential of modestaperture
telescopes (0.5-meter) operating under very dark skiesfor probing the di�use structure of
galaxies.
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3. The Tidal Stream(s) of NGC 5907

3.1. Observ ed Morphology of the NGC 5907 System

3.1.1. Truncation and Optical Warp

In this Sectionwe focuson the outer, di�use light properties revealedin Figures1 and
2, but several comments about the disk are worth pointing out brie
y .

Our imageshowsthat the disk of NGC 5907extendsin diameterwell beyond wheremost
previous imageshave tracked its disk light. The existenceof this light challengesprevious
claimsthat the disk is sharplytruncated (in the senseof the galaxy'souter edge)at a distance
of about 60from the center (van der Kruit & Searle 1981;Sasaki1987;Morrison, Boroson,&
Harding 1994). From the original radial pro�les (van der Kruit & Searle 1981;Sasaki1987,
Fig.9 and Fig.7, respectively) there is clearly a radial breakfeaturevisible, however, it should
be better described as a sharp changeof slope than a completecut-o� . This pro�le shape,
well �tted with a broken exponential function, is a relatively common feature of late-type
spiral galaxies(Pohlen & Trujillo 2006;Erwin, Pohlen, & Beckman 2008).

Figures1 and 2 clearly show that NGC 5907hasa stellar warp, which in fact occursafter
the nominal cut-o� radius. The observable faint radial extensionsof the disk are strongly
bent in the samesenseasthe obviousHI warp found by Sancisi(1976),and aremost strongly
visible on the northwest disk edge.Note, thesesameextendeddisk featurescan alsobe seen
in Fig. 2 of Shanget al. (1998), and just about in the near infrared image of Barnaby &
Thronson (1992). Evidence for the warp in optical light was also previously seenin the
optical disk at smaller radii by Sasaki(1987), Florido et al. (1992), and Morrison, Boroson,
& Harding (1994) and was, of course,pointed out as well by Shanget al. (1998).

3.1.2. Di�use Light Structures

The most striking features,and the primary focusof the present discussion,is the newly
revealednetwork of arcing loopsof di�use light around NGC 5907that are likely the product
of the classicalsatellite tidal disruption process. Our deep image (seeFig.2) reveals that
the ring-shaped feature to the SE, we refer to this here as the \SE loop", discovered by
Shanget al. (1998) is only the brighter part of a large-scalecomplex of stellar debris arcs
around NGC 5907. We count about a half-dozenother additional arc-like features in our
image. On the easternside, it is possibleto detect the full extensionof the SE loop, turning
aroundand falling toward the disk. This yieldsa vertical structure (labeledE1 in Fig.2) that
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crossesthe galactic plane and possibly extendsto the other sideof the galaxy. In addition,
an independent structure (labeled E2), somewhatparallel to the SE-loop, can be seento
be shifted about � 10 0 to the northwest of the Shanget al. (1998) structure and sweeping
almost 180� around the center of NGC 5907.

Although the accretionorigin of this structure appearsa reasonablehypothesis,wemust
point out its extraordinary complexity | especially on the westernsideof NGC 5907where
we �nd a faint, long tail extending � 25 kpc from the disk, labelled \SW tail" in Fig. 2,
and previously reported only in somestudies(seeFig. 1b in Reshetnikov & Sotnikova 2000).
From south to north, three additional arcsare detectedon the west sideof the disk (labelled
W1, W2 and W3, respectively). Thesefeaturesappear to crosseach other fairly closelyto
the disk major axis of NGC 5907,which makesit di�cult to discernwhich of thesearcs are
the continuation of the featuresobserved on the easternside, that is, the SE loop, E1, and
E2.

For example,it is obvious that the SE loop extendsto the westernside,but it becomes
unclearwhich path it takes(e.g.,SW tail or W1). On the other hand, it is clear that the W3
arc is the westernmostcontinuation of the E2 loop. Interestingly, this stream pieceturns
around, crossesthe W2 arc and �nishes in the main disk again, forming the W1 arc. It is
however more di�cult to assesswhether the W2 arc (the most di�use discerniblestructure,
highly contaminated by the di�use light of the galaxy disk) or W1 could be the western
extensionof the E1 tail.

3.1.3. Evidence for a SingleCoherent Structure

With the imagein Fig. 2 aloneit is impossibleto concludewhether the smaller features
on the western side are the continuation of the loops on the easternside and so whether
the wholeset of theseidenti�ed tidal structures originate from a singleor di�erent accretion
events. In general, the largest features (e.g., the SE and E2 loops) have similar shapes,
angular lengths, radius of curvature, and separationsfrom the center of NGC 5907. In
addition, all of the features (large and small) share a similar projected width, � 7 kpc
(consistent with the value reported by Shanget al. 1998,seeSec.3.3),as well as a similar,
rather bright surfacebrightness (seeSec.3.3). Thesesimilarities all provide circumstantial
evidencethat the various featuresmay all come from a single, old stellar tidal stream |
similar to the multiply-wrapp ed Sgr dwarf galaxy stream around the Milky Way. These
structures provide a rather uniqueand spectacularexternal view of the classicalrosette-like,
multi-lo op patterns expectedfor tidally disrupting dwarf galaxiesseenin N-body simulations
(such as thosemadeof the Sgr system| e.g., Johnston, Spergel,& Hernquist 1995;Ibata
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& Lewis 1998;Mart��nez-Delgadoet al. 2004;Law, Johnston, & Majewski 2005). There are
further analogiesof the NGC 5907structures with the Sgr streamin that they have a similar
linear cross-sectionalwidth (suggestingsimilarly massedprogenitors), apogalacticon and
apparent orbital ellipticit y (suggestinga similar orbit), and surfacebrightness and length
(suggestinga similar massloss rate and age of interaction). In Section 4 we explore this
working hypothesis in detail and provide a comprehensive, illustrativ e model that further
supports the notion that a single,Sgr-like systemcould createa substantial fraction of the
newly found di�use structures.

Interestingly, while the surfacebrightnessof these loops does show somemodulation,
nowhereamongthesefeaturesdo we seea bright spot that could be identi�ed with a remain-
ing dwarf satellite \core". Thus, our image provides no de�nitiv e insights on the current
position and �nal fate (that is, whether or not it is completely disrupted by now) of the
progenitor satellite galaxy (since it could be hidden behind the disk). However, the full
panoramic view of the NGC 5907systemin Figure 1 provides no evidencefor any associa-
tion of the stellar streamswith the dwarf irregular galaxy PGC54419(a con�rmed satellite
of NGC 5907situated at 36.9kpc projected distancefrom its center), asproposedby Shang
et al. (1998). We shall return to this subject in Sec.5.

3.2. Di�use Ligh t: Halo or Stream?

As mentioned above, therehavebeena number of deepphotometric studiesof NGC 5907,
and a popular point of discussionis the claimed detection and properties of \excess", non-
disk light away from and perpendicular to the disk and commonly attributed to a di�use
luminous halo (Sackett et al. 1994;Lequeux1996,1998;Rudy et al. 1997;James& Casali
1998;Zepf et al. 2000; Irwin & Madden 2006). Figure 1 clearly shows how theseprevious
studiesmay have beena�ected by the coherent tidal stream structures, especially W1 and
W2, which lie along the southwesternminor axis at distanceswheresuch studieshave made
the \halo" detections. Indeed, the very shape of the \inner triangle" of light formed by W1
and W2 can be discernedin the image analyzedby Lequeux(1996, see,e.g., their Fig. 1),
and a similar asymmetry seenin the photometric data by Sackett et al. (1994) may alsobe
explainedby thesesamestructures (e.g., seethe lower right panel of Fig. 2 in Sackett et al.
1994).

One wondersif the presenceof thesestructures may also explain the di�erences in the
colors of the \halo" light found on either side of the disk shown in Figure 1 of Lequeux
(1998). Zheng et al. (1999) have previously suspected that the presenceof tidal debris
light (particularly on the westernside)might be signi�cantly contaminating the \halo" light
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that was previously reported; theseauthors concludedthat, when combined with residual
scattered light from foreground stars, this debris e�ectively erasesthe need for a faint,
extendedhalo. Weconcurthat indeedthesepreviousstudieswereprobably strongly a�ected
by the presenceof the \W" features| but of coursethis is actually \halo" light, it is just
in the form of tidal debris in what is obviously the active hierarchical formation of the
NGC 5907halo.

3.3. Estimating the Surface Brigh tness, Total Luminosit y and Stellar Mass of
the NGC 5907 Tidal Stream

Ideally, onewould like to usethe BBRO imageto measurethe surfacebrightnessof the
observed stream. However, there are someconcernsthat prevent us from extracting this
information directly from this image. First of all, the imageis the result of the combination
of multiple imagesin di�erent �lters with thosetaken using an extremely wide (luminance)
�lter to maximize the photon collection. This makesa calibration of the stars present in the
BBRO imageusing the samestars observed through standard �lters non-trivial. Signi�cant
color correctionsare expected.

In addition, the resulting background on the BBRO imageis slightly patchy (seeFig. 1),
and, more importantly, the �eld of view is not large enoughto allow us to properly estimate
the sky level. For the above reasonswe have decidedto adopt the value reported by Zheng
et al. (1999) for the meansurfacebrightnessof the stream in the NE loop in the R-band |
i.e. 27.7 mag arcsec� 2 | and rely on the BBRO imageonly to determine the morphology,
position and width of the stream in the sky.

In order to determinethe total luminosity of the tidal streamwe �rst calculatethe total
areacoveredby the tidal tails. To do so,we estimatethe streamwidth in two di�erent strips
A and B located in the bright stream piecedetected by Shenget al. (1998) (seeFig. 2).
The surfacebrightnessdistribution in thesetwo strips is shown in Fig. 3. The width of the
streamin each of thesestrips is estimatedusinga Gaussianfunction and the Full Width Half
Maximum (FWHM) of theseGaussian�ts are usedas a measurement of the stream width.
To be conservative, we take the minimum of the FWHM measuredin both regions(i.e. � 103
arcsec;seeFig. 3) asrepresentativ e of the width of the stream. At the distanceof NGC 5907
the above value correspondsto � 7 kpc. Subsequently, we calculatethe length of the stream
by placing elliptical annuli at the inner at outer sidesof each loop. Here we considerthat
the stream of Fig. 2 can be described by the loop L1 formed by the SW-SE-E1-W2arcs
and the half-loop L2 formed by the W3-E2 arcs. The area of each loop is then calculated
as A = � q(a2 � b2), where a and b are the semi-major axis of the elliptical annuli and are
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related as b = a � F WH M . The minor-to-major axis ratio of the ellipseshasan estimated
value of q ' 0:5 for L1 and L2. We �nd that for L1 a = 540 arcsec= 36:6 kpc, so that
AL 1 = 728 kpc2, and for L2 a0 = 27:5 kpc, which implies AL 2 = 527 kpc2. On doing this,
the approximate areasubtendedby the stream is A = AL 1 + AL 2=2 ' 990kpc2.

Using this estimate of the areaof the SE loop and E2 loop, the reported meansurface
brightnessof 27.7mag arcsec� 2 by Zhenget al. (1999) (i.e. � 0.217L � pc� 2 in the R-band)
implies a total R-band luminosity for the stream of � 2� 108 L � . This value is one order
of magnitude brighter than the luminosity reported for the Sgr dwarf galaxy (� 1.9� 107,
Majewskiet al. 2003),but it is still consistent with the possibility that this complexstructure
of debris resulted from the disruption of a single dwarf galaxy during a recent interaction
with NGC 5907(seeSec.4.2). We have also roughly estimated the total stellar massof the
streamby usingthe color R� I =0.5� 0.3given in Zhenget al. (1999). Using the prescription
givenby Bell & deJong(2001)the abovecolor impliesa (M =L)R � 1:6+15 :0

� 1:4 and consequently
a total stellar massof � 3.5� 108 M � . This value is very uncertain due to the large error in
the stream color. So, the total stellar massshould only be taken as a rough estimate of the
stellar massin the streamwithin an order of magnitude. Given the largeuncertainties of our
estimateit is encouragingthat the abovestellar massestimateis similar to the oneestimated
(� 2� 108 M � ) by Johnston,Sackett, & Bullock (2001) using dynamical considerations.

4. N-b ody Simulations

The clear picture of a repeatedly wrapped tidal stream around NGC 5907 naturally
suggests�tting the systemwith N-body models. Typically the number of free parameters
implemented by N-body models of satellite accretion in external galaxies is vast. In the
caseof NGC 5907, although the masswithin the luminous radius is well constrained by
measurements of its circular velocity curve, no information is available on the 
attening of
its potential on the scaleswherethe tidal remnants areobserved (� 10{50kpc in projection).
Additionally , the present position and velocity vectorsof the progenitor systemareunknown
as well as its massand luminous pro�les.

Currently, the only available information on the stream is its surfacebrightness and
projected geometrywith respect to the host. This introducesa new free parameter, which
is the projection anglebetweenthe line of sight and the orbital plane of the stream progen-
itor. Fortunately, NGC 5907presents an edge-ondisk projection that eliminates a second
projection angle between the line-of-sight vector and the axi-symmetry plane of the disk.
Kinetically data would help to disentangle the projection e�ects and to constrain the satel-
lite orbit. Unfortunately, thesecannot be readily obtained with the present observational
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capabilities owing to the large distanceof NGC 5907.

The hugedegeneracyof the problem weakensany possibleconstraint obtained through
N-body modelling of the streamand, in fact, it is presently unclearhow much information can
be gleanedfrom streamsin external galaxiesusing this technique. That is an open question
that goesbeyond the scope of this paper and that will be studied in a future contribution
(Pe~narrubia et al., in prep).

Nevertheless,in this paper our N-body models are only usedto answer a more simple
question: can the complex stellar structure be the result of a single merger event? This
reducesthe problem of �nding one of the many possiblefree parameter combinations that
yields a reasonablygood match to the observations.

4.1. Mo del Parameters

Weexamineseveral illustrativ e N-body simulations of dwarf spheroidalsystemsdisrupt-
ing in a spiral galaxy having propertiessimilar to NGC 5907. This galaxy is an Scspiral with
a maximum rotational velocity of Vc;max = 227 km s� 1 and absolutemagnitude M B ' � 21
(Casertano1983) | similar, therefore,to the Milky Way.

Herewe assumea static host galaxy potential during the satellite orbit. As Pe~narrubia
et al. (2006) show, the geometry and kinematics of a tidal stream are independent of the
past evolution of the host galaxy potential and solely re
ect the present properties of the
host. Our satellite galaxy realizations are injected in a host galaxy that has the following
components: a Miyamoto & Nagai (1975) disk, a Hernquist (1990) bulge and a Navarro,
Frenk, & White (1996)dark matter halo. The disk and bulgehavemassesM d = 8:4� 1010M �

and M b = 2:3 � 1010M � , respectively. The radial and vertical exponential scale-lengthsof
the disk are Rd = 6:4 kpc and zd = 0:26 kpc, respectively. The bulge core radius is c = 0:6
kpc. The density pro�le of our dark matter halo component is the following

� NFW =
� c� c

r =rs(1 + r=rs)2
; (1)

where � c=277.72 h2M � kpc2 is the present-day critical density, h = 0:71 is the Hubble con-
stant in units of 100 km s� 1 Mpc� 1 consistent with constraints from CMB measurements
and galaxy clustering (seeSpergel et al 2007and referencestherein), � c is a dimensionless
parameter and r s is the halo scale radius. For � c = 200 we use M 200 = 6:8 � 1011M � ,
r s ' 8:2 kpc and r 200 = 180 kpc. Thesenumbers provide a maximum circular velocity and
a luminosity pro�le similar to those observed for NGC 5907. We must remark, however,
that di�erent combinations of the host galaxy parameterscan yield a similar value of Vc;max ,
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which increasesthe degeneracyinherent to the solutionsthat canbe obtained from this kind
of study.

The satellite galaxy is modeled as a King (1966) pro�le for simplicity. More realistic,
multi-component models that distinguish betweenbaryonic and dark matter, such as those
motivated by CDM (e.gPe~narrubia et al. 2008a,b),would further increasethe number of free
parameters.Our satellite galaxieshave typical parametersfor nearby dSph galaxies(Mateo
1998): a total massof 2 � 108M � , core radius of Rc = 390 pc and King concentration
ck = log10(Rt=Rc) ' 0:84, whereRt is the King tidal radius. Thesevalueswere selectedto
reproduce the projected width and extent of the stellar tidal stream detectedin NGC 5907
(seebelow).

4.2. Comparison of N-b ody Mo dels to the Data

In Fig. 4 we show an illustrativ e single-accretionmodel that producesa good overall
match to most of the observed structures.1 This suggeststhat most of the tidal loops
could have formed from the accretion of a single dwarf satellite with an initial total mass
of � 108M � . For this particular model, the satellite has lost 60% of its massdue to tidal
stripping after 3.6Gyr of evolution. The progenitor moveson a highly inclined orbit (orbital
inclination i = 80� with respect to the disk plane), with relatively low eccentricit y (the peri
and apocenters are, respectively, r p = 21 kpc and r a = 51 kpc, which translates into an
intermediate orbital eccentricit y of e ' 0:42) and a radial orbital period of Tr ' 0:9 Gyr.
Interestingly, all theseparametersare similar to those of the Sgr dwarf in the Milky Way
(Law et al. 2005). In addition, the projection angle formed by the line-of-sight and the
orbital plane vector has a present value of � � 57� (an edge-onview of the stream implies
� = 90� ), explaining the considerableelongationof the stream in the vertical direction.

This particular model providesa comprehensive explanationof the relation betweenthe
di�erent loops and arcs discussedin x 3.1. In particular, this solution suggeststhat the
leading arm forms the SE-loop, bending toward the disk along the E1 loop and giving rise
to the arc W2 after it crossesNGC 5907disk. The trailing tail of the tidal stream would be
visible as the arc W1 in the west, and its continuation bendstoward the east direction to
form the W3 arc and the E2 loop after it crossesthe disk. The longest stream piecethat
fadesaway towards the west (the SW tail; Fig. 2) would correspond to the oldestpieceof the
trailing tail with particles that, accordingto our model, were stripped around 3.6 Gyr ago.

1This �gure is the �nal snapshotof a movie included as supplementary material in the electronic version
of this paper.
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Although the shape of our illustrativ e stream model can reproduce most of the prominent
observed features,it alsopredicts the continuation of the E2 loop that extendsbetweenthe
SE loop and E1 arc. This feature is not obvious in Fig.1, although the presenceof an excess
of light in the areawherethis arc would be located (denotedas OV in Fig. 2) is noticeable.

Interestingly, the model alsosuccessfullyreproducesthe strong east-west stream asym-
metry (the SE loop reaches a projected distance of ' 45 kpc, whereasthe SW tail only
extendsout to ' 27 kpc), which is a result of the eccentric orbit of the progenitor system
and the line-of-sight projection.

This illustrativ e model also provides a reasonableexplanation for the fate of the pro-
genitor satellite. It suggeststhat the dwarf could have survived but that its remnant core
(black points in Fig. 4) might presently be hidden behind the galaxy disk, � 15kpc from the
galactic center. If this hypothesisis correct, it leadsus to concludethat the NE ring feature
of Shanget al. (1998) corresponds to a young pieceof the stream. In addition, our model
suggeststhat the NGC 5907stellar streammay be relatively old, with the fainter, outer loop
material (SW tail in Fig. 2) becomingunbound at least 3.6 Gyrs ago(blue points in Fig. 4).
The new tidal tails presented in this paper are considerablyolder than the previousstream
piecesdiscovered by Shanget al. (Reshetnikov & Sotnikova 2000estimate age<� 1:5 Gyr)
and than any de�nitiv ely establishedpieceof the Sgr tidal stream (� 2.5 Gyrs; Majewski
et al. 2003;Law, Johnston, & Majewski 2005). The stellar stream around NGC 5907may
represent thereforeoneof the most ancient wrapsof a tidal streamever reported in the halo
of a spiral galaxy.

5. Discussion

In this paper we present in exquisite detail an extragalactic perspective of a stellar
tidal stream surrounding the nearby spiral galaxy NGC 5907. This ghostly structure is an
elegant exampleof how a single low-masssatellite accretion occurring in the current epoch
can producea very complex,rosette-like structure of debris dispersedin the halo of its host
galaxy that may survive for several Gigayears,a scenariopredictedby N-body simulations of
tidally disrupting stellar systemsaround the Milky Way (e.g., Law, Johnston,& Majewski
2005;Pe~narrubia et al. 2005;Martin et al. 2005;Mart��nez-Delgadoet al. 2007).

The external view of the stream wrapping NGC 5907 also o�ers for the �rst time a
direct observational evidencethat the material stripped from disrupting satellite galaxies
(stream stars likely accompaniedby dark matter) may crossthe inner regionsof galactic
disks. This processwill likely induce gravitational e�ects (e.g., creation of spiral arms, star
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formation triggering, etc) that are not yet fully understood, a phenomenathat hasbeenalso
suggestedfor the Sgr stream in our Galaxy (Majewski et al. 2003;Mart��nez-Delgadoet al.
2007)but that lacks con�rmation due to our inner perspective. In addition, the presenceof
tidal streamswrapping galaxieswith warped disks (seealso Mart��nez-Delgadoet al. 2008)
may suggestsatellite galaxy perturbations as the origin of those features(e.g. Vel�azquez&
White 1999,Weinberg & Blitz 2006).

Recent cosmologically-motivated simulations have shown that in a �CDM paradigm
the accretionof several massive (0:2{0.6M disk) subhalosonto the central regionsof the host
galaxyshouldbecommonfrom z ' 1 to the present (Kazantzidis et al. 2007). Such accretion
events leadto strong warping, 
aring and thickeningof an initially cold disk aswell asto the
formation of long-lived, ring-like stellar featuresin the outskirts of the disk that may locate
several kiloparsecso� the disk plane and have surfacebrightnessesin the range of 25{30
mag arcsec� 2 (seeFig. 6 of Kazantzidis et al. 2007). Given the similarities in shape and
massbetweenNGC 5907and the Milky Way, it is interesting to note that our deepimages
show noneof the predicted featuresbesidesa classicalwarped disk. A statistically relevant
sampleof deepphotometric imagesof nearby, edge-onspiral galaxiesmight reveal whether
the absenceof strongly perturbedold disksposesa problemfor our theoretical understanding
of how disk galaxiesform in a �CDM context.

Our survey revealsthat the presenceof complexstructures from ancient streamsin the
outskirts of spiral galaxiesin the Local Volume ( <� 15 Mpc) must be taken into account to
correctly interpret the resultsof deep,pencil-beamphotometric probesdesignedto constrain
the formation and composition of galactic halos. This concern is justi�ed in the caseof
NGC 5907,whereseveral authors (e.g.,Sackett et al. 1994;Lequeux1996)have reported the
presenceof a peculiar, red, luminous, 
attened stellar halo that may actually correspond to
tidal debris that in projection appears located closely below the disk plane and that may
have originated the faint residual light emissionreported in theseprevious studies (as also
suggestedby Zhenget al. 1999).

What can we learn from the theoretical study of tidal streamsin galaxiesbeyond the
Local Group? Firstly it must be remarked that theoretical models are severely hampered
by the impossibility of measuringthe kinematics of individual stars at distancesof several
Mpc with present instrumentation. In the caseof NGC 5907,the large degeneraciesin the
orbital and structural parametersof the stream progenitor force us to considerour N-body
model as illustrativ e only. However, the model is certainly helpful to interpret most of the
observed featuresof the NGC 5907tidal streamand provesthat such a complexstream-like
structure can be explainedby the accretionof a singlesatellite galaxy.

Despitethe degeneraciesintroducedby the observational limitations, anadvantageof the
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panoramicperspective in external galaxiesis that it simpli�es the detection of streampieces
that werelost several Gigayearsago,which strongly increasesthe number and strength of the
constraints that can be derived from thesesystems.For example,(i) the variation of width
and surfacebrightnessalongtidal streamsconstrainsthe number of dark matter subhalosin
the Milky Way (Ibata et al. 2002;Johnston, Choi, & Guhathakurta 2002;Pe~narrubia et al.
2006;Siegal-Gaskins& Valluri 2007). Theseauthors show that the presenceof dark matter
subhalosin spiral galaxieswould result in a progressive heating of tidal streamsas a result
of closeencounters. As Pe~narrubia et al. (2006) point out, the averagednumber of dark
matter substructures(and, thus, the likelihood of encounters) in a Milky Way-like galaxy
decreasesmonotonically sincez � 2 to the present, which clearly implies that \old" stream
piecesare more likely to reveal perturbations than recently stripped ones. (ii) Constraints
on the 
attening of the host galaxy potential becomesigni�cantly strongerasthe number of
streamwraps increase(e.g., Johnston,Sackett, & Bullock 2001;Law, Johnston,& Majewski
2005;Pe~narrubia et al. 2005). (iii) Finally, detectingold streampieceswill allow us to study
possiblemetallicity gradients within the progenitor galaxy, as it is for examplein the case
of the Sgr tidal stream (e.g., Bellazzini et al. 2006;Chou et al. 2007).

The detectionof an old, complextidal streamin NGC 5907(14 Mpc away) with modest
instruments suggeststhe viabilit y of carrying out extragalactic surveys of substructuresin
the surroundingsof spiral galaxiesin the Local Volume. It is a relevant questionto wonder
how many stellar streams should we expect in the Local Volume. CosmologicalN-body
simulations predict that the incidenceof large satellite galaxy accretion occurring in the
current epoch is commonly one per spiral galaxy for its inner galactocentric regions, <�
50 kpc (e.g., Bullock & Johnston 2005). The presenceof such a complex stream at 14
Mpc from us, easilydetectablewith present observational capabilities, clearly suggeststhat
deepphotometric imagesmay reveal a large number of substructuresin the stellar halosof
spiral galaxies.The di�erent stellar streamsdetectedin the Milky Way (Yanny et al. 2003;
Majewski et al. 2003;Juric et al. 2005;Belokurov et al. 2006a,b)and in M31 (Ibata et al.
2007)by large photometric surveyssupports this expectation.

Table 2 givesthe con�rmed stellar streamfeaturesdiscoveredup to date. Interestingly,
the �rst outstanding characteristic of the tidal streamsdiscovered in external galaxiesto
the present day is there are no detected tidal streams in the Local Group with surface
brightnessesas high as seenin NGC 5907. Presently, observational limitations impede the
resolution of stars in external galaxies,which posesa detection threshold of around � R �
29 mag=2 00in unresolved light. In contrast, star counts can reach a detection level as low
as � 33 mag=2 00(seee.g., Belokurov et al. 2006a). This explains why we cannot �nd the
counter-parts of the stellar streamsdetectedin the Local Group in external galaxies,but it
is indeed puzzling that no tidal stream in the Milky Way or M31 is remotely as bright as



{ 17 {

the onedetectedhere.

In addition, Table2 alsorevealsthat, with the singleexceptionof the Sagittarius dSph,
the progenitor systemsof most of the stellar streams known to the present day remain
undetected. The most logical explanation is that the progenitor galaxieshave beennearly
destroyed by now. This scenario is supported by the N-body simulations of Pe~narrubia
et al. (2008b), who show that dwarf galaxiesundergoingtidal massstripping have to lose
more than 90{99% of their initial dark matter halo massbeforea stellar tidal stream may
start forming. Oncethe host's tidal �eld beginsto strip stellar material, the central surface
brightness(� 0) and the total luminosity (L) of the dwarf galaxy su�ers a sharp, monotonic
decline so that � 0=� 0(t = 0) / [L=L(t = 0)]0:6 for L=L[t = 0] � 1. Therefore, as a tidal
stream forms the likelihood to detect its progenitor decreasesuntil, eventually, the present
surfacebrightnessfalls beyond the detection limits of our instruments. A secondpossibility
that we explore in our illustrativ e model (seeFig. 4) is that the progenitor systemsmight
be hidden behind the host disk or bulge. Although this scenariomay be applied to someof
the systemslisted in Table 2, it is fairly unlikely that it explains the absenceof progenitor
galaxiesfor all of them.

The study of tidal streamsin external galaxiesis a relatively young �eld and provides
direct way of addressingsomeopenedquestionson galactic formation and evolution. For
example,studying stellar population gradients along tidal streamsvia deepHST ACS data
(seefor exampleAloisi et al. 2005) will render important constraints on the e�ect of tides
on the stellar formation history of dwarf galaxies. The panoramic view of tidal streams
in external galaxiesalso o�ers an excellent opportunit y to demonstrate tidal stripping of
globular clustersformed in satellite galaxies,which may correspond to an important fraction
of the globular cluster population of the host, as earlier proposedby Searle& Zinn (1978).
Searching for associated globular clusters and planetary nebula may also o�er a meansby
which kinematicsin distant streamscouldbederived(i.e. from intrinsically bright absorption
line sourcesor sourceswith emissionlines), so that kinematical constraints might be placed
on theoretical modelsthat aim to reproducetidal streamsin externalgalaxies.Thesemodels,
in turn, may provide reasonableestimatesof the 
attening of the dark matter halos that
surround Local Volume galaxies. Ultimately, the ideal scenario would require resolving
stellar populations at a distance of 10{20 Mpc, which will be feasible in the next one or
two decadeswith large ground-basedtelescopeslike the Thirt y-Meter-Telescope (TMT), or
spatial missionslike the JamesWebb SpaceTelescope (JWST).
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Table 1. JOURNAL OF OBSERVATIONS

Date Filter Total ExposureTime (s)

2006June 6 Blue 6480
2006June 6 Clear Luminance 9000
2006June 6 Green 1080
2006June 6 Red 5400
2006June 7 Clear Luminance 3600
2006June 7 Green 2160
2006June 9 Clear Luminance 5400
2006August 10 Blue 2160
2006August 10 Clear Luminance 2700
2006August 10 Green 1080
2006August 10 Red 1800

Table 2: Stellar tidal streamsdetectedin nearby spiral galaxies(D < 15 Mpc)

Name Distance(kpc) � (band) Progenitor Refs.
Lo cal Group

Sagittarius (MW) { 29.6(V) Sagittarius dwarf (1)
Monoceros(MW) { 34.9(V) Canis Major dwarf (?) (2),(3)
Orphanat (MW) { 32.4(R) unknown (4)
M31 giant stream (M31) 0.78 30.0(V) unknown (5),(6)
External galaxies

NGC 5236(M83) 5.2 26.5(R) unknown (7),(8)
NGC 5907 11.2 26.8(R) unknown (9),(10)
NGC 4013 12.0 27.0(R) unknown (11)
NGC 4594(M104) 12.4 { unknown (8)
NGC 3310 14.4 25.6(V) unknown (14)

References.| (1) Mart ��nez-Delgadoet al. (2004); (2) Belokurov et al. (2006); (3) Martin et al. (2004);
(4) Belokurov et al. (2007); (5) Ibata et al. (2001);(6) McConnachie et al. (2003); (7) de Jong et al.
(2207);(8) Malin & Hadley (1997); (9) Shanget al. (1998); (10) this manuscript; (11) Mart ��nez-Delgadoet
al. (2008); (12) Whener & Gallagher (2005)
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Fig. 1.| Image of NGC 5907 obtained with the BBRO 0.5-meter telescope. The total
exposure time of this image is 11.35 hours, co-adding all imagesobtained in this project
(seeTable 1). The imagehas dimensionsof 18.2 � 27.7 arcmins, which, at the distanceof
NGC 5907is � 75 � 115 kpc. For a better comparisonwith the N-body simulations given
in Fig. 4, this imageis shown eastup and north to the right. The linear diagonal feature in
the lower left corner of the imageis spuriouslight from de
ection of a bright star o� of the
edgeof the CCD chip. The faint halossurrounding the �eld stars are due to the passof the
blur Gaussian�lter mentioned in Sec.2.2.
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Fig. 2.| Identi�ed photometric featuresdetectedin the imageof NGC 5907obtained with
the BBRO 20-inch telescope and discussedin Sec.3.1.For reference,a colour imageobtained
with the sametelescope (seeTable1) hasbeensuperimposedon the saturateddisk regionof
the galaxy. The position of the two di�erent strips usedto measurethe width of the stream
(seeSec. 3.2) are also indicated by red rectangles.For comparisonpurposes,north is to the
right and east is up.
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Fig. 3.| Gaussian�ts to the surfacebrightnessdistributions of the stream in two di�erent
strips (A and B) illustrated in Fig.2. The FWHM of theseGaussian�ts are estimated to
be � 103 and � 164 arcsecrespectively. Note that 1 arcsecat the distance of NGC5907
corresponds to � 0.068kpc.
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Fig. 4.| Illustrativ e N-body model of the stellar streamdetectedin NGC 5907.The satellite
is realizedasa King model with an initial mass,King coreand tidal radii of M = 2� 108M � ,
r c = 0:39kpc and r t = 2:7 kpc, respectively (seeSec.4.2for details). Di�eren t coloursdenote
particles that becameunbound after di�erent peri-center passages,whereasblack particles
are thosethat remain bound to the main system. Our color code is so that cyan, greenred
and blue colours are particles lost during the �rst, second,third and four orbital periods,
respectively. For this particular model the orbital period is Tr = 0:9 Gyr.


