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Abstract We have cross-matched the LAMOST DR2 with the WISE, 2MASS and
PPMXL catalogs and obtained a sample of 64 819 FGK metal-poordwarfs with [Fe/H]
< −0.7, distances within 2 kpc from the Sun and reliable kinematics(space velocities,
angular momenta and eccentricities). With a detection strategy for halo streams pro-
vided by Klement et al, nine significant “phase-space overdensities” with stars on very
similar orbits are identified from this sample. Among these overdensities, three were
previously known and six are new stream candidates. The kinematics and metallicities
of these stream candidates are then analyzed; they have typical halo characteristics.
We have extracted the most probable members of each halo stream according to their
angles with respect to the North Galactic Pole and investigate the distribution of the
angular momenta to further verify their existences. Detailed study of elemental abun-
dances for these members based on high resolution and high signal-to-noise spectra
from follow-up observations in the near future is of high interest to understand the
origin of these streams.
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1 INTRODUCTION

The formation and evolution of galaxies is one of the greatest questions in modern astrophysics.
According to the Lambda cold dark matter (ΛCDM) cosmological model, mergers are ubiquitous
and expected to have left imprints in galaxies like the MilkyWay (Helmi et al. 1999; Bullock &
Johnston 2005). The process of galaxy formation alters the phase-space distribution of the dark mat-
ter and stellar components of the Milky Way halo. Debris fromaccretion is apparent as spatial over-
density at the beginning. Prominent examples are the currently accreted and disrupted Sagittarius
dwarf galaxy with its associated tidal tails (Ibata et al. 2001; Majewski et al. 2003), the Orphan
stream (Belokurov et al. 2006a), the Virgo overdensity (Vivas et al. 2001) and the globular clusters
Palomar 5 (Odenkirchen et al. 2001) and NGC 5466 (Belokurov et al. 2006b; Grillmair & Johnson
2006). After several billion years, those pieces of debris are spread over several tens of kpc. Thus,
one cannot expect to find many of the halo streams predicted asspatially coherent structures in the
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solar neighborhood (Seabroke et al. 2008). However, the phase-space structures of those streams pro-
vide hints about their common origin (Helmi & de Zeeuw 2000).The origins of these halo streams
have an important role to play in understanding the formation of our Milky Way.

Dozens of halo streams have been detected in phase-space. Helmi et al. (1999) found a debris
stream with a sample composed of metal-poor stars. Dettbarnet al. (2007) analyzed the phase space
distribution in a sample of non-kinematically selected lowmetallicity stars in the solar vicinity and
determined the orbital parameters of several halo streams.One of those streams seemed to have
precisely the same kinematics as the Sagittarius stream. Klement et al. (2008) searched for stellar
streams or moving groups in the solar neighborhood, using data provided by the first public data
release from the Radial Velocity Experiment (RAVE; Steinmetz et al. 2006). They estimated over-
densities related to the Sirius, Hercules, Arcturus and Hyades-Pleiades moving groups. In addition,
they found a new stream candidate (K08), suggesting that itsorigin is external to the Milky Way’s
disk. With the Seventh Data Release from the Sloan Digital Sky Survey (SDSS; York et al. 2000),
Klement et al. (2009) identified at least five significant “phase-space overdensities” of stars on very
similar orbits in the solar neighborhood. At least two were new genuine halo streams, as judged
by their kinematics and [Fe/H], respectively. Zhao et al. (2014) analyzed the kinematics of thick
disk and halo stars from LAMOST Data Release 1 (DR1) and foundevidence for a new stream V3
(centered atV ∼ −180 km s−1) in the halo.

Since 2011, LAMOST (Cui et al. 2012; Zhao et al. 2012; liu et al. 2015) has been conducting
surveys. In December 2014, LAMOST DR2 was released. More than two million stars with stellar
parameters and radial velocities have been obtained. Helmiet al. (1999) predicted that about several
hundred kinematically cold streams might exist in the solarneighborhood, yet only a few have been
detected so far. Thus, more detections with new data are needed. In this paper, we will detect halo
streams using the LAMOST DR2 archive.

Section 2 presents a discussion of our data selection criteria. The detections of halo streams
are discussed in Section 3. Section 4 presents our analysis of the halo streams. We conclude with a
discussion of our findings in Section 5.

2 DATA

2.1 Overview of the LAMOST Spectroscopic Data

LAMOST, a quasi-meridian reflecting Schmidt telescope withan effective aperture of about 4 m
and a field of view of 5◦, is operated by National Astronomical Observatories, Chinese Academy of
Sciences. It is a powerful instrument to survey the sky with the capability of recording 4000 spectra
simultaneously (Cui et al. 2012; Zhao et al. 2012; Liu et al. 2015). In its five-year survey plan, it
is expected that several million stellar spectra will be collected in about 20 000 square degrees of
the northern hemisphere (Deng et al. 2012). The LAMOST survey program has internally delivered
the second data release (DR2). It contains 4 136 482 spectra with a resolution of∼ 1800 in a wave-
length range of 3800 – 9100̊A. The catalog contains 2 207 788 stellar spectra with estimated stellar
atmospheric parameters and line-of-sight velocities.

2.2 Data Selection

We selected F, G and K stars from the LAMOST DR2 archive. The sample was initially extracted
mainly based on the criterion4000 < Teff < 7000 K from the cross-match among the LAMOST
DR2 catalog, the Wide-field Infrared Survey Explorer (WISE;Wright et al. 2010), the Two Micron
All Sky Survey (2MASS, Skrutskie et al. 2006) and PPMXL (Roeser et al. 2010). Richer metal-
licity stars and giants were excluded by the constraints [Fe/H]< −0.7 and log g > 4.0 since our
study focuses on main sequence stars. In addition, stars with proper motion accuracy worse than
6 mas yr−1 were excluded. The stars in this sample have WISE photometry(W1, W2, W3, W4) and
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Fig. 1 The distributions of position and space velocity in our sample. Top left: Galactic longitude
and latitude of the stars in our sample. Panels (b) through (d) show the distribution of U, V and
W, respectively. The black lines represent the distributions of the observed sample while the blue
lines show a Gaussian fitting and the red lines represent the distribution of the MC sample. The MC
sample consists of Schwarzschild distributions for the thick disk and the halo.

2MASS (JHKs) data which allow us to derive star-by-star extinction values utilizing the Rayleigh-
Jeans Color Excess method (Majewski et al. 2011) based on the2MASS and WISE (H-W2) color.
Panel (a) of Figure 1 provides the Galactic position of starsin our sample. Most stars have|b| > 20

(a), which indicates the extinction is easier to estimate. The heliocentric distance of each star is
estimated inJ − Ks vs.Ks from several isochrones. The detailed method is similar to what is out-
lined in Tan et al. (2014). Only stars with heliocentric distance smaller than 2 kpc are selected in our
sample. With the constraints mentioned above, 119 995 starswere selected.

3 HALO STREAM DETECTION

The stars that are part of debris from accreted satellite galaxies will keep their kinematic properties
for several billion years even if they are spatially dispersed. Those stars have similar energy and
orbits, such as angular momentum and eccentricity. Helmi etal. (1999) found a halo stream in (JZ

vs.J⊥) space. Klement et al. (2008) and Zhao et al. (2014) found halo streams in [V,
√

U2 + 2V 2].
Dettbarn et al. (2007) and Klement et al. (2009) detected halo streams in (ν, Vaz, V∆E). ν is the
angle between the orbital plane (which is fixed in a sphericalpotential) and the direction towards the
North Galactic Pole and ranges from 0◦ to 180◦. Stars withν > 180◦ are treated as stars moving on
retrograde orbits in a plane with inclination angleν–180◦. Vaz is related to the angular momentum
|L| and defines the guiding center radii of the stars,R0 = R⊙

Vaz

VLSR
, in the plane labeled byν. V∆E

is a measure of a star’s eccentricity. Theν, Vaz andV∆E are calculated by equations (9)–(11) in
Klement (2010). In this paper, we will detect halo streams in(ν, Vaz, V∆E) space.
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Fig. 2 Wavelet transform of the distribution of our sample in (Vaz, V∆E) space, shown in bins
representing different orbital polar angles. The contoursin eachν-bin range from 10% to 100% of
the maximum value of the wavelet transform, and are color coded accordingly from purple to red.
We have marked the positions of known stellar streams with circles .

Based onν, our sample is divided into six subsamples. The ranges ofν for these subsamples are
[0◦, 30◦], [30◦, 60◦], [60◦, 90◦], [90◦, 120◦], [120◦, 150◦] and [150◦, 180◦], respectively. For each
subsample, we detect individual kinematic structures.

Figure 2 displays the contour plots of wavelet coefficients for each subsample in (Vaz, V∆E)
space. The number of stars in each subsample is displayed in the bottom-left corner of each panel.
A large number of stars are located in the rangeν: [60◦–120◦] which have disk-like orbits. These
stars are probably in the thick disk. The stars with halo-like orbits have more structures than those
with disk-like stars, which provides some hints that there are merger events that occurred during the
formation of the halo. Previously known halo streams C1 (seeKlement et al. 2009), K08 (Klement
et al. 2008), H99 (Helmi et al. 1999) and V3 (Zhao et al. 2014) are circled in Figure 2. The detection
of these streams demonstrates that our method is reliable. The features of K08 and V3 are stronger
than any of the others. It should be noted that H99 in Figure 2 is very weak.
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Fig. 3 Significance of the overdensities seen in Fig. 2, obtained asdescribed in the text. Note that
only areas withσ > 2 are displayed. We encircled in black and labeled all features (C1, K08, N1,
TD1, TD2, V3, N2, N3, N4 and N5) that we consider to be stellar streams.

To test the significance of these structures, we performed 50Monte Carlo (MC) simulations
using the same number of stars as in our sample randomly drawnfrom a Galactic model consisting
of Schwarzschild distributions (Binney & Tremaine 1987) torepresent our sample. The goal was
to create a ‘smooth’ reference model velocity distributionthat matches the overall velocities of our
sample. The fact that most of the stars in our sample have poormetallicity ([Fe/H]< −0.7) indicates
that they are from the thick disk or halo. The stars from the thin disk can be neglected. The fractions
of thick disk stars and halo stars are different in differentsamples. To make the distribution of this
random sample consistent with our observed sample, we adopted 1:9 as the fraction of thick disk
stars to halo stars. Also, the dispersions (σU , σV andσW ) and rotational offsets from local standard
of rest (LSR) are (58, 45, 49, –48) for thick disk stars and (150, 104, 100, –180) for halo stars. The
above parameters were obtained after several attempts. Panels (b)–(d) of Figure 1 show comparisons
of the velocity distributions for the observed sample (solid line) (b)–(d) and an MC sample (dashed
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Table 1 Main Characteristics of the Stellar Streams Considered Real

Stream Reference Vaz V∆E ν 〈LZ 〉 〈L⊥〉 〈[Fe/H]〉 σ[Fe/H]
(km s−1) (km s−1) (kpc km s−1) (kpc km s−1)

C1 Klement et al. (2009) –70 420 0–15 –136 738 –1.42 0.29
K08 Klement et al. (2008) 120 150 55–60 1063 664 –1.37 0.23
V3 Zhao et al. (2014) 40 220 120–135 424 311 –1.36 0.21
N1 new 75 150 15–25 291 734 –1.34 0.24
N2 new 140 100 20–30 536 1123 –1.39 0.23
N3 new 75 160 120–135 722 549 –1.33 0.24
N4 new –40 350 155–175 –60 222 –1.50 0.29
N5 new 75 175 150–160 343 700 –1.47 0.29
N6 new 130 100 150–155 516 1094 –1.4 0.23

line). The red solid lines are the distributions of the observed sample; the dashed lines represent
the Gaussian fitting for a given sample. The blue solid lines are the distribution of MC sample. For
the distribution ofU andW , we could derive a good black Gaussian fit for the observed sample.
However, because theV distribution ranges from –240 km s−1 to –180 km s−1, it is impossible to
produce an appropriate fit even if we change the parameters such as the fraction between the thick
disk and halo or dispersion ofU , V or W . Thus, we infer that there should be some structures in the
V distribution.

Figure 3 provides the significance of substructures detected in our sample. Only those cases
with significance larger than 2σ are plotted in the figure. It is evident that not all the structures in
Figure 2 appear in Figure 3. The feature representing H99 is found in Figure 2. However it is not
significant in our sample although it is a famous halo stream from an accretion event. From Figure 3,
nine features in the halo with significance larger than 2σ are found. They are named C1, N1, K08,
V3, N2, N3, N4, N5 and N6. Among these, C1, K08 and V3 were previously discovered. The others
are new candidates that result from our detection procedure. Moreover, there are two structures from
the thick disk in our detection results named TD1 and TD2 in both Panels (c) and (d). Table 1 lists
the properties of these structures. Column (1) provides thename of these stream candidates. The
references for known streams are given in Column (2). Columns (3)–(9) list values related to the
kinematics and metallicities of these stream candidates.

4 HALO STREAM ANALYSIS

Streams mainly have two origins. One is tidal debris from theaccretion of satellites by our Milky
Way or a globular cluster torn apart and stretched out along its orbit by tidal forces. The other is
dynamical streams caused by the Galactic bar or a spiral structure (Dehnen 1998). The dynamical
streams are composed of stars that lack a common origin and are dominated by disk stars. The
stars in our sample are metal-poor stars, which indicate ourstream candidates are from tidal debris
with high probability. In the following, the “phase-space overdensities” that we identified either as
previously known streams or likely candidates of new stellar halo streams will be discussed. Initial
member stars were extracted from a range ofν, Vaz, V∆E and the value of the wavelet coefficient
(larger than 1σ above the maximum value).

With our detection, about nine halo stream candidates in thehalo and two candidates in the thick
disk are obtained. Before our work, dozens of halo streams have been detected by Eggen (1996),
Dettbarn et al. (2007), Klement et al. (2008) and Klement et al. (2009). Klement (2010) presented
a great review of the halo streams in the solar neighborhood.These halo streams provide powerful
evidence of merger history during the formation of our MilkyWay. When a satellite was accreted
by the Milky Way, the debris will be spread over several tens of kpc. Thus, it is very difficult to
find halo streams that are spatially coherent structures in the solar neighborhood. For our nine halo
stream candidates, no spatial overdensities of stars are found.
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Fig. 4 The spatial position of stream candidate N1. The black points represent the stars in the whole
sample. The red crosses are candidate members of this stream.

Figure 4 shows the position distribution of stream N1. The crosses in Figure 4 represent the
member stars of this stream. It is clear they are not spatially clumped. However, the phase space of
these relics still show clumps even after 8 Gyr. H99 is a classical halo stream detected with a metal-
poor star sample and has been detected using a different sample with a different method. Although
this stream is not very significant in our detection, it stillleft some hints (see Fig. 2).

Figures 5–13 present the kinematics and metallicities of these nine stream candidates. The top-
left panel in each figure plots the distribution of angleν for each subsample. The dashed line indi-
cates the peak of this distribution. Only stars withν within this peak are considered to be possible
members of the stream. The other panels in each figure show themetallicity, angular momentum
distribution and (U ,V ) distribution, respectively in the clockwise direction. The stars approximately
show a “banana” shaped distribution in (U , V ) in K08, V3 and N4, which is typical for tidal streams
near their apocenters (Helmi et al. 2006). TheLz andL⊥ distributions maintain good clumps in all
the stream candidates.

Figure 5 presents the distribution of stream C1. This streamwas also found in Klement et al.
(2009) using SDSS data. The center ofν, Vaz andV∆E in their work is [15, –60, 410], which is very
consistent with our result of [7.5, –70, 420]. Although the metallicity of this stream covers about 1.0
dex, a peak centered at [Fe/H]∼–1.4 appears in both our sample and that of Klement et al. (2009),
which indicates there is a similar metallicity distribution for C1 in both samples. The consistency
of kinematics and metallicities for C1 from different samples provides new evidence confirming the
existence of this stream.
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Fig. 5 The distribution of kinematics and metallicities of stars in stream C1.Top left: the solid line
indicates theν distribution of stars in term ofVaz andV∆E. The dashed lines indicate the peak of
theν distribution, which is used to select members.Top right: metallicity distribution of stars in C1.
Bottom left: U vs. V of stars in C1.Bottom right: Lz vs. L⊥ of stars in C1. Black points are stars
from the whole sample while the red triangles represent the member stars of C1.

Figure 8 shows information about stream K08 from our sample,which was first found by
Klement et al. (2008) using the RAVE archive. Klement et al. (2009) also detected this stream with
SDSS data. ‘R2’ in their detection corresponded to the K08 stream. The center ofVaz andV∆E for
‘R2’ is entirely the same as K08 in our sample. Theν of ‘R2’ is centered at 30◦, which is slightly
offset from our result of [55◦–60◦]. This is perhaps caused by the different samples and different
detection procedures used in their analysis and our analysis.

Figure 9 gives us information about stars in stream V3, whichwas first discovered by Zhao et al.
(2014) with LAMOST DR1. We also detected this stream in this work. From the top-left panel, we
see two peaks in theν distribution. These two peaks are very near each other and their maximum
values are very close together. Thus we regard these two peaks as being the same peak. Only stars
with ν in [120◦, 135◦] are considered to be members of this stream. The bottom-left panel plots the
(U , V ) distribution of stars in this stream. TheV velocities of stars range from –200 km s−1 to –
160 km s−1, which is consistent with the result in Zhao et al. (2014) (V is centered at –180 km s−1).
The angular momentum of V3 in the two samples is also similar,which indicates this stream is real.

Figure 6 presents the kinematic and chemical distributionsof stars from N1, which is a stream
candidate with low orbital polar angles. There is a peak located at [15◦, 25◦]. The metallicity of
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Fig. 6 Same as Fig. 5, but now for stars in N1.

Fig. 7 Same as Fig. 5, but now for stars in N2.

most stars in this stream candidate is from –1.5 to –1.0. TheV velocity distribution of this candidate
clumps at about 200 km s−1. From the bottom-right panel, it is evident that the angularmomenta are
also clustered. This candidate might originate from the disruption of a dwarf galaxy.

Figure 7 and Figures 8–11 plot the distribution of stars in other newly found candidates. These
new candidates have a confidence larger than 2σ in the detection result. Both the (U , V ) and (Lz,
L⊥) distributions of stars in those candidates show clumps, meaning they are perhaps real streams.
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Fig. 8 Same as Fig. 5, but now for stars in K08.

Fig. 9 Same as Fig. 5, but now for stars in V3.
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Fig. 10 Same as Fig. 5, but now for stars in N3.

Fig. 11 Same as Fig. 5, but now for stars in N4.
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Fig. 12 Same as Fig. 5, but now for stars in N5.

Fig. 13 Same as Fig. 5, but now for stars in N6.
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It should be noted that for the metallicity of these stream candidates, our sample only provides
the mean and dispersion of [Fe/H]. If stars in a stream have a common origin, they should maintain
a similar abundance pattern. Detailed element abundance analysis is needed to better understand the
chemical properties of these stream candidates. The progenitors of these stream candidates can be
inferred from the kinematic and chemical information.

5 DISCUSSION

Nine halo streams were detected with high confidence from about 65 000 metal-poor stars with data
from LAMOST DR2 using the wavelet technique. The velocity distribution of the sample extends to
∼ 2 kpc from the Sun. After kinematic and metallicity analysiswere performed, we found three of
them correspond to the previously known C1, K08 and V3 streams. The kinematics and metallicities
of these three streams are very consistent with previous works. For one thing, this work provides
confirmation that these three streams are real, and for another, it indicates that our detection method
is reliable. Six new stream candidates named N1, N2, N3, N4, N5 and N6 are found. These streams
are probably debris from a satellite accreted by the Milky Way. Abundance analysis is needed to
better understand the progenitor of these streams.

Our detections present new evidence for a merger history of our Milky Way during its forma-
tion. Simulations predict one dwarf galaxy might correspond to multiple streams detected in phase
space and there should be hundreds of streams in the solar neighborhood. LAMOST provides an
unprecedentedly large sample and will contribute to more and more detections of halo streams in the
future.
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