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Outline 
•  LAMOST spectroscopic survey 

–  tools to exploit LAMOST data 
•  Satellites and streams with LAMOST 

– Sagittarius stream 
–  level of substructure in the halo 

•  Satellites’ effects on galaxy structure 
– Wiggles in the Milky Way disk 



LAMOST survey 

•  Located in N. China (40° N lat.) 
•  4 meter effective aperture 
•  4000 fibers in focal plane of 5° 
(1.75m) diameter  
•  16 bench spectrographs  
•  Sky coverage: Dec > -10° 
•  Wavelength range: 3700-9000 Å 
•  Resolution (λ/Δλ): 1800  
•  Public Data Release 1:  

 http://dr1.lamost.org/ 



LAMOST survey footprint 

Distribution of 2192 LAMOST plates observed 
Oct. 2011 – Apr. 7, 2015 

    ~4.5 million spectra available 
(~2.0 million unique stars with stellar parameters, most 
with r < 17 mag)  

D
ec

 (d
eg

.) 

RA (deg.) 



Developing the tools for studying 
Galactic structure with LAMOST 

•  proper motion corrections 
•  distances (derived from stellar parameters) 
•  K-giant classification (SVM-based; for low 

S/N spectra) 
•  M-giant classification (template matching) 
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QSOs/galaxies in 
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Grabowski, Carlin, 
Newberg, et al. 2015, 
RAA accepted  
(arXiv:1409.2890) 
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Correcting PPMXL proper motion zero points 
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Distances to ~2 million stars using LAMOST 
stellar parameters: 

•  accurate to ~20% (with systematic offset for distant, metal-
poor giants). 

•  Paper has been resubmitted (Carlin et al. 2015, AJ)… 



K-giant classification of LAMOST spectra 
(Liu, C., et al. 2014; ApJ 790, 110) 

SVM-based classification, using 
primarily spectral indices (e.g., 
Mg b, TiO, H) 

•  spectra with S/N as low as ~3 
•  ~290,000 K-giant candidates 
from DR1 
•  80% completeness for S/N>20 
(67% for S/N<20) 

Black: giants identified via 
LAMOST stellar parameters 
Red: K giants 



Sagittarius K-giants 

Liu, C., et al. 2014; ApJ 790, 110 

Large clump of stars 
at 70<RGC<85 kpc, 
Vgsr ~ 0 km/s, and 
B~0 deg., between 
180 <  < 200 deg. 
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M giants (spectroscopic selection) 
The Catalog of M-type stars 5

Fig. 2 The M giant templates from M0 to M6. We defined seven different giant subtypes based

on the r-i colors, as proposed in Table 1. Each template spectrum is assembled from at least five

LAMOST high SNR spectra which are confirmed by manual assignment. From top to bottom,

the increasing strength of molecular bands, such as CaH, TiO and VO, reflect the decreasing

temperature of giant spectra.

(3) The g − r, r − i color band must distribute on the M type star’s locus with 1.0 < g − r < 1.4 mag

and 0.5 < r − i < 2.8 mag.

Upon these criteria, the M giants sample was cut down from ∼ 3600 to ∼ 600. Then the remaining

giant candidates were confirmed by manual inspection. Giant spectra which are suffer from sky lines con-

taminations, serious reddening, low signal-to-noise ratio or displaying the characteristic of binary spectrum,

were excluded from the resulting sample. Finally, approximately 200 high quality giant spectra with good

photometry in SDSS were left as the standard spectra to assemble a grid of temperature sequence.

Table 1 list the r − i color ranges for MK spectral subtype grid, which mainly based on Covey et al.

(2007). Since in our sample there is no giant candidate with r − i color greater than 2.0 mag, the synthetic

M giant templates span the spectral subtypes from M0 to M6. For spectra with overlapping r − i colors

between two spectral type bins, we manually assigned the spectra by eyes and make sure that the difference

in spectral type is ± 1 subtype.

3.3 Radial velocity correction

To correct the radial velocity for each standard spectrum, we manually used the IRAF/rv.rvidlines

package to measure the wavelength correction to the zero-velocity rest-frame. Since most of atomic lines in

The Catalog of M-type stars 9
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Fig. 6 The infrared color distribution of M-type stars. The red dots are M giants and the blue

dots are M dwarfs, of which both were classified by our classification pipeline. As expected,

the different locations of giants and dwarfs clearly show that our classification pipeline can well

separate out the M type stars in the different luminosity. The dwarfs contamination in the M

giants sample is about 4.7%.

M-type spectral templates library by combining the M dwarf/subdwarf templates in Z14 and the M giants

templates we described above. In the whole M type templates, there are M dwarf templates with temperature

from K7.0 to M8.5 and metallicity from dMr to usdMp, and the M giant templates from M0 to M6. The

total number of M type templates is 223.

Based on the M-type templates, we re-run our spectral classification pipeline (Zhong et al. 2014) to

automatically identify and classify M-type stars with spectra from the LAMOST DR1 data source. In the

classification pipeline, the template-fit method is used by calculating the chi-square values between the

LAMOST spectrum and each of the template spectra. Then, the template spectrum which has the minimum

chi-square value is consider as the best-fit, and its spectral subtype is used to mark the corresponding

LAMOST spectrum.

After passing through the 2,204,696 LAMOST DR1 spectra to our spectral classification pipeline, we

identified 8639 M giants and 107193 M dwarfs/subdwarfs. The excluded spectra were marked as non-M

type spectra of which most are earlier spectra type like AFGK stars, and a small fraction of spectra were

too noisy to be classified.

4.2 Radial velocity

To calculate the radial velocities of all M giants in our sample by using the template spectra, the redshift

correction was applied to shift the templates into a zero-velocity rest frame as much as possible. For the M

dwarf templates, the red lines of K I doublet (7667 Å and 7701 Å) and Na I doublet (8185 Å and 8197 Å)

were measured. For the M giant templates, we mainly used the Ca II triplet lines (8498, 8542, and 8662 Å)

as reference for correction (see Section 3 for more details). For each template spectrum, the corrected radial

Zhong, J., et al. 2015 (RAA, submitted) 



Galactic substructure with LAMOST 

•  Sagittarius stream 
•  Substructure with halo kinematics 
•  Disk velocity structures 



LAMOST Sagittarius candidates: -1.8<[Fe/H]<-0.4, 
log g < 3.25, S/N > 5, |B| < 15 deg., dist > 5 kpc 

    

-200

0

200

V G
SR

 (k
m

/s
)

all spectra

300 200 100 0
Lambda (deg)

-200

0

200

V G
SR

 (k
m

/s
)

Sgr spectroscopic giants

all spectra with S/N>5 

Sagittarius candidates 

 (deg.) 

V
G

S
R
 (k

m
/s

) 
V

G
S

R
 (k

m
/s

) 



Sgr candidates split into 10-deg. ranges in #
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Precession of the Sagittarius stream 123

Figure 6. Distance and velocity measurements of the Sgr stream. Top: violet (red) data points with error bars show the centroid of the heliocentric distance of
the stream debris at given longitude !̃! for the leading (trailing) tail. The blue (magenta) filled circles (squares) show SGB-based Branch A (C) distance
measurements from Belokurov et al. (2006) increased by 0.15 mag to match the BHB signal. The orange data points with error bars show RGB-based distance
measurements from Koposov et al. (2012) increased by 0.35 mag to correct for the reddening towards the progenitor. A black star marks the location of the
globular cluster NGC 2419. Middle: Galactocentric stream distances. The stream is assumed to be at B = 0◦ everywhere. While this will bias the run of
distances for the individual branches of the leading arm at !̃! > 150◦, this is a very reasonable approximation for the debris around both apocentres. The
violet and red solid curves show the log-normal fits to the data, while the black solid curves represent pure Gaussian models. The dotted lines mark the location
of the leading and trailing apocentres. Bottom: measurements of the LOS velocity VGSR along the stream. The velocity centroids are those based on the SDSS
giants stars as presented in Tables 3–5. Note that the stream velocity appears to go through zero in the vicinity of the apocentre.

An idea of the heliocentric distance of the stream’s M giants can
be gleaned from the bottom panel of Fig. 7. Here, the apparent
g-band magnitude of the selected stars is plotted as a function of
the longitude !̃!. While the data points follow the general distance
trends shown in the top panel of Fig. 6, the scatter is substantial.
This is because the intrinsic luminosity of an M giant star varies
significantly with its temperature (and hence colour), as well as
the metallicity and the age. Using the BHB stars in the Sgr stream
around !̃! ∼ 75◦, Yanny et al. (2009) obtained Mg = −1 for the
stream’s M giants. Using this simple absolute magnitude calibra-
tion, we can obtain a crude estimate of the heliocentric distance to

the 19 M giant candidate stars in the range 140◦ < !̃! < 190◦.
Their mean g-band apparent magnitude is 18.4 and the dispersion
is 0.4 mag. If there was no strong metallicity/age gradient along the
stream, applying the absolute magnitude calibration of Yanny et al.
(2009) leads to the distance estimate of 75+15

−10 kpc. This is slightly
lower but overall consistent with the distance estimate to the BHB
stars in the same range of !̃!. However, the assumption of the zero
gradient in the stream’s stellar populations is perhaps too naive as
shown in Fig. 8. The top panel of the figure shows the distributions
of the metallicity (as derived by the SDSS SSPP pipeline) of the
M giant stars selected to lie in the three !̃! ranges as indicated
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Precession of the Sagittarius stream 123

Figure 6. Distance and velocity measurements of the Sgr stream. Top: violet (red) data points with error bars show the centroid of the heliocentric distance of
the stream debris at given longitude !̃! for the leading (trailing) tail. The blue (magenta) filled circles (squares) show SGB-based Branch A (C) distance
measurements from Belokurov et al. (2006) increased by 0.15 mag to match the BHB signal. The orange data points with error bars show RGB-based distance
measurements from Koposov et al. (2012) increased by 0.35 mag to correct for the reddening towards the progenitor. A black star marks the location of the
globular cluster NGC 2419. Middle: Galactocentric stream distances. The stream is assumed to be at B = 0◦ everywhere. While this will bias the run of
distances for the individual branches of the leading arm at !̃! > 150◦, this is a very reasonable approximation for the debris around both apocentres. The
violet and red solid curves show the log-normal fits to the data, while the black solid curves represent pure Gaussian models. The dotted lines mark the location
of the leading and trailing apocentres. Bottom: measurements of the LOS velocity VGSR along the stream. The velocity centroids are those based on the SDSS
giants stars as presented in Tables 3–5. Note that the stream velocity appears to go through zero in the vicinity of the apocentre.

An idea of the heliocentric distance of the stream’s M giants can
be gleaned from the bottom panel of Fig. 7. Here, the apparent
g-band magnitude of the selected stars is plotted as a function of
the longitude !̃!. While the data points follow the general distance
trends shown in the top panel of Fig. 6, the scatter is substantial.
This is because the intrinsic luminosity of an M giant star varies
significantly with its temperature (and hence colour), as well as
the metallicity and the age. Using the BHB stars in the Sgr stream
around !̃! ∼ 75◦, Yanny et al. (2009) obtained Mg = −1 for the
stream’s M giants. Using this simple absolute magnitude calibra-
tion, we can obtain a crude estimate of the heliocentric distance to

the 19 M giant candidate stars in the range 140◦ < !̃! < 190◦.
Their mean g-band apparent magnitude is 18.4 and the dispersion
is 0.4 mag. If there was no strong metallicity/age gradient along the
stream, applying the absolute magnitude calibration of Yanny et al.
(2009) leads to the distance estimate of 75+15

−10 kpc. This is slightly
lower but overall consistent with the distance estimate to the BHB
stars in the same range of !̃!. However, the assumption of the zero
gradient in the stream’s stellar populations is perhaps too naive as
shown in Fig. 8. The top panel of the figure shows the distributions
of the metallicity (as derived by the SDSS SSPP pipeline) of the
M giant stars selected to lie in the three !̃! ranges as indicated
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Tentative detections of 
Sgr debris from LAMOST 
(green + symbols) 



Systematic search for 
velocity structures: 

Elements of Cold HalO Substructure 
(“ECHOS”);  
Schlaufman et al. 2009 (ApJ 703, 2177) 



Finding clumps/associations of halo 
stars – the 4distance 

– 15 –

Fig. 7.— 4distance measurements for our K giants (red), those of Starkenburg et al. (2009) (green

dashed), and a resampled set of BHB stars from X11 (blue) using the shuffle method of normaliza-

tion used by Starkenburg et al. (2009)

magnitude larger sample is consistent with the S09 measurement, and significantly larger than the

value we calculate for BHB stars
1
from X11. We see that, for a given value of 4distance, the K

giants have between 1.5 and 2 times more pairs than the BHB stars: they show significantly more

substructure. We will discuss this important result further in Section 4.1.

However, we note that shuffling normalization method does not account for all aspects of

spatial substructure since it leaves the number of stars at each (l, b) constant. We know that

spatial substructure is quite obvious in large samples (see Belokurov et al. (2006)), so we wish

to include spatial position in the metric. SEGUE’s pencil-beam spectroscopic footprint has an

1
Because BHB stars were observed as fillers in the original SDSS project, they have quite a different footprint

than the SEGUE giants, which we must correct to the SEGUE footprint before making a direct comparison.

Starkenburg et al. 2009, ApJ, 698, 567 
Janesh et al. 2015, arXiv: 1503.09133 

Idea: create a metric 
quantifying the 
separation of any two 
stars in (l, b, VGSR, and 
distance) phase space 



LAMOST halo groups (linked via friends-of-friends algorithm) 
among ~8700 giants; Carlin et al. 2015 (in prep) 
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Effects of satellites on the Galaxy: “wiggles” in the disk  
Carlin, DeLaunay, et al. 2013 (ApJL, 777, L5) 

8 kpc 

2 kpc 

Kinematics of ~400,000 stars with LAMOST spectra,  
between 8 < RGC < 10 kpc (Sun at 8 kpc), |Z| < 2 kpc 



Bin stars in 200x200 pc bins, average the velocity (min. 
50 stars per bin, but most have >1000)  
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SDSS “waves”: Widrow et al. 2012 
(ApJL 750, 41); Yanny & Gardner 

2013 (ApJ 777, 91) 

RAVE: Williams et al. 2013 
(MNRAS 436, 101) 

Vertical 
oscillations 
due to an 
external 
perturbation? 



LAMOST: huge number of 
spectra, large contiguous sky 

coverage, SDSS-quality spectra 
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*** Look for “Tidal Streams in the Local Group and Beyond: 
Observations and Implications,” ed. H. Newberg & J. Carlin, 
published by Springer-Verlag, late 2015(?) 

  vast resource for kinematical substructure in the disk and halo 


