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Building up the Milky Way halo

Models predict that the 
Milky Way should have 
accreted and 
subsequently tidally 
destroyed hundreds of 
low-mass galaxies in 
the past ∼12 Gyr.

Bullock & Johnston 2005

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



Mock halos 
resulting 
from 
accretion of 
model 
satellites

(Bullock & 
Johnston 
2005, ApJ, 
635, 931)

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



Interpreting halo substructure:

Johnston et al. 2008, ApJ, 689, 936

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017

Model predictions:
• Zolotov et al. 2009 (ApJ, 702, 1058): ~20% of halo stars 

formed in situ; most are located within RGC~20 kpc

• Abadi et al. 2006 (MNRAS, 365, 747): ~95% of halo stars 
outside RGC~20 kpc are accreted



SDSS “Field of Streams” DR6 filtered star counts
Belokurov et al. 2006 (ApJL 642, L137)

“Galactic Archaeology” – with the advent of large-scale survey 
science, we can begin piecing together the merger history of the Milky Way on 

a star-by-star basis.

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



Developing the tools for studying 
Galactic structure with LAMOST

• distances (derived from stellar parameters)
• K-giant classification (SVM-based; for low S/N 

spectra)
• M-giant classification (template matching)

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017
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Distances based on LAMOST stellar parameters:
• accurate to ~20% (with possible systematic offset for distant, 

metal-poor giants).
• See Carlin et al. 2015 (AJ, 150, 4) for details

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



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, Hb)

• 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

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



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, 15, 1154)

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



Known 
structures in the 

Milky Way
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Sagittarius as seen with LAMOST M-giants
4 Li et al.

−0.2 0 0.2 0.4 0.6 0.8 1 1.2
0

0.5

1

1.5

2

(W1−W2)
0

(J
−

K
) 0

 

 

Mgiant

Mdwarf

QSOs

Figure 2. 2MASS and WISE (J � K)0 vs (W1 � W2)0 color-
color distribution for spectroscopically classified M-giants (blue
contours), M-dwarfs (red contours) and QSOs (green triangles).
The contours corresponding to 1- and 2-�. The black arrow shows
an example reddening vector (see Section 3.1 for further details).
There are a small number of M-giant located in the M-dwarf re-
gion, but these are most likely mis-classified due to having low S/N
spectra (see Section 3.3.

around (J �K)
0

⇡ 0.5. Although most of these are low
S/N spectra (almost all have S/N < 10) and hence are
probably mis-classified, around 20% or more appear to
be binary stars composed of an M-dwarf around a hotter
companion.
From this figure one can also see that the (J �K)

0

vs
(W1 �W2 )

0

color-color plane enables a relatively clean
separation of M-giants from M-dwarfs, much more e�-
ciently than NIR data alone. There appears to be a small
number of M-giants located in M-dwarf region, but these
are actually misidentified M-giants. For low S/N spectra
the dwarf/giant spectroscopic classification breaks down
and it becomes increasingly di�cult to separate the two
populations. If we remove stars with low S/N spectra
(i.e. S/N < 5), then these spurious objects almost all
disappear.
One issue that is not dealt with in Figure 2 is the prop-

erties of cooler stars, such as K-dwarfs/giants. To ad-
dress this we have supplemented our data with a sample
of LAMOST K-type stars from Liu et al. (2014), which
have been classified using spectral line features. The dis-
tributions in the (J � K)

0

vs (W1 � W2 )
0

plane are
shown in Figure 3. There is an overlap between late-
K and early-M giants, which is not surprising and most
likely due to the Liu et al. sample including a number of
early M-giants, but reassuringly there is very little over-
lap between K-dwarfs and M-giants. This implies that a
2MASS-WISE color selection should be free from signif-
icant dwarf contamination.
Given these findings, we now define the following se-

lection region for M-giants,

� 0.23 < (W1 �W2 )
0

< 0.02,

0.85 < (J �K)
0

< 1.3, (1)

(J �K)
0

> 1.45⇥ (W1 �W2 )
0

+ 1.05.

This has been chosen to minimize contamination while
retaining a reasonable level of completeness. Assum-
ing the spectroscopic classifications are reliable, we find
that there is only 4.9% contamination from dwarfs in
the color-box given in Equation (1). Furthermore, we
believe that most of this contamination is likely due to
misclassified spectra; if we remove all spectra with S/N
less than 10, then the contamination from dwarfs drops
to less than 1%.
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Figure 3. 2MASS and WISE (J � K)0 vs (W1 � W2)0 color-
color distribution for spectroscopically classified M-giants (blue),
M-dwarfs (red), K-giants (purple) and K-dwarfs (green). Contours
correspond to 1- and 2-�. The dashed box shows our M-giants
selection criteria. The black arrow shows an example reddening
vector (see Section 3.1 for further details).

Any discussion of contamination and completeness will
depend on the details of the selection-function (e.g. the
presence of color-biases), the sky coverage and the mag-
nitude range under consideration, with brighter mag-
nitudes containing a higher M-giant/M-dwarf fraction.
This is because at bright magnitudes the volume probed
by M-dwarfs is small and at faint magnitudes the num-
ber of M-giants drops because there are so few at large
distances in the halo. For reference, the magnitude range
probed by our sample is 7.63 . J

0

. 15.52.
A similar approach was adopted by Koposov et al.

(2015), although they chose a narrower selection region in
the (J�K)

0

vs (W1�W2)
0

color-color plane (see equa-
tion 1 of their paper). The performance of their selection
is comparable to ours; their completeness is around 10
per cent lower due to the narrower selection, and their
contamination, while still below 5 per cent, is slightly
higher than ours since their selection is closer to the M-
dwarf region.

4. PROPERTIES OF M-GIANTS

4.1. Metallicity estimation

In Figure 3 we can see that most M-giants are located
in the region (W1 �W2 )

0

< �0.1, but there is an exten-
sion to redder (W1 � W2 )

0

colors. After checking the
location of the stars which populate this extended region
we find that most of them are at high galactic latitudes,

6 Li et al.
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Figure 5. Full sky map of M-giants. The upper panel shows all M-giants, while the bottom panel shows metal-poor M-giants using the
cut (W1 �W2 )0 > �0.13 mag (corresponding to [M/H]phot < �0.56 dex). Note that this cut reduces the amount of disc M-giants and
also removes some relatively metal-rich substructures in the halo, such as the Tri-And system located at RA ⇠ 30 deg, Dec ⇠ 30 deg (see
Section 4.1).
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Figure 6. Color and J-band absolute magnitude relation for four separate regions: Sgr core, Sgr leading apocenter, the LMC and SMC.
We calculate MJ assuming all stars lie at the systemic distance of the respective structure (taking literature values for these distances; see
Section 4.2). The value of A3 corresponds to the o↵set in absolute magnitude between these relations (Equation 4). The solid line denotes
the best-fit to Sgr core, the dashed line to the LMC and the dot-dash line to the SMC.

Detecting Sagittarius stream with LAMOST DR4 M giant stars 3

The apocentric distance of our M giants for trailing tail at
least extent to 130 kpc far away. On the other hand, the
model by Peñarrubia et al. (2010), was designed to illus-
trate the e↵ect of internal satellite rotation on the orbit
of the Sgr debris, and it seems to only better recover the
north leading tail with our M giants in the middle panel
of the Figure 3. We also compare our results to very re-
cent model built by Dierickx & Loeb (2016) in bottom
panel of the Figure 3. This model can well match with
observation data in distance vs ⇤̃� distribution. We also
compare our work to the very recent discovery over the
potential detection of the apocenter of the trailing tail of
the Sgr stream by Belokurov et al. (2014). We did not
see the orbit rotation in the apocenter as Belokurov et al.
(2014) show. It is evident that our Sgr candidates well
match with Koposov et al. (2012) and Belokurov et al.
(2014) observation in leading tail and trailing south tail.
And meanwhile our data extend the leading tail to north
and the trailing tail to south. The most important thing
is in the trailing tail apocenter we also find the ”spur”
structure out to 130 kpc as detect by Sesar et al. (2017).
This spur structure is also well present in N-body simu-
lation of Dierickx & Loeb (2016) as show in lower panel
of the Figure 3.

3.2. V
gsr

distribution of the Sgr stream

Sesar et al. (2017)show clear distance distribution near
the apocenters of the Sagittarius main’s leading and trail-
ing arm. Our LAMOST spectroscopic M giants data
support us detect the radial velocity and metallicity dis-
tribution of the Sagittarius stream near apocenter.
Figure 4 shows radial velocity distribution of the M gi-

ant candidate stars of Sgr stream selected using the crite-
ria specified in equation 1, which eliminate the obvious
disk component between 180� < ⇤̃� < 200�. We com-
pared our result to L&M 2010 model, Penarrubia 2010
model and Dierickx & Loeb 2016 model show in top three
panels of Figure 4. It is obvious that none of the model
can perfect match with our observation data. From the
figure we can see L&M 2010 model can well match with
leading and trailing tail in distance and radial velocity
distribution. But for the trailing tail extend to apocenter
can not match. Close to the disk, at ⇤̃� ⇠ 200� we show
that the trailing tail is at lower velocity than predicted
by the Law & Majewski (2010). This finding support the
hypothesis of Belokurov et al. (2014) as to the proper-
ties of the trailing tail in the Northern hemisphere and
consistent with the observation in figure 4 of Koposov
et al. (2015), at ⇤̃� between 200� and 220�, the velocity
dispersion is much larger. The trailing tail still has a gap
on ⇤̃� between 190� and 200�.
For Penarrubia 2010 model, the whole trailing tail can

not match with observation, which velocities are much
higher than our M giants observeation. For the leading
tail candidates also have slightly lower than our observa-
tion results.For the very recent model of Marsion 2016,
the trailing tail match well with our results, but the ve-
locity of leading tail signficantly lower than our M giants
results.
Compared the radial velocity with previous observa-

tion can be gleaned from the bottom panel of figure 4.
Same as distance distribution, in the leading and trail-
ing south well match with previous observation. But, the
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Figure 3. Heliocentric distance measurement for the M giants
with �15� < B̃ < 15�. Top: Grey dots show Law & Majewski
(2010) model distribution. Middle: Grey dots show Peñarrubia et
al. (2010) model distribution. Bottom: Grey dots show Dierickx
& Loeb (2016) model distribution. The black dots and red circls
show Sgr stream candidates of LAMOST DR3 M giants signal and
noise larger than 0 and 5 separately. Black line and blue line show
observation results form Koposov et al. (2012) and Belokurov et
al. (2014).

M giant radial velocity signature at 160� < ⇤̃� < 190�

partly match with Belokurov et al. (2014). However, the
M giant radial velocity signal goes through zero around
⇤̃� ⇠ 170� , the distance up to 130 kpc. This distance
is 30 kpc further than Belokurov et al. (2014) BHB de-
tected results and 55 kpc further than their M giants
detected distance. Compare to Dierickx & Loeb (2016)
model, still much further away in the apocentre distance.

3.3. Metallicity distribution function of Sgr stream

Recently work Gibbons et al. (2017) demonstrate that
in the Sagittarius (Sgr) stream existence of two sub-
populations with distinct chemistry and kinematics. Us-
ing our photometric metallicity estimation relation, we
are able to estimate metallicities for Sgr member stars.
We have measured the metallicity distribution along the
Sgr stream, the MDFs of the trailing and leading stream

4 Li et al.
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Figure 4. Measurements of the LOS velocity VGSR along the
stream. The top three panel grey dots show L&M 2010 model,
Penarrubia 2010 and Dierickx &Loeb 2016 model separately.

show in Fig 5. The top panel displays leading stream
which only stars with 60� < ⇤̃� < 140�, the MDF from
leading tail shows the very broad distribution,the stars
that the metallicity value smaller than �1 is similar as
the stars metallicity larger than �1dex.While the bot-
tom panel includes trailing stars with 200� < ⇤̃� < 280�,
which most stats located in metal-rich part.
The metallicity distribution displayed in Fig 5 indi-

cated two distinct population of stars in both the lead-
ing and trailing stream. The fraction of the metal rich
stars in the trailing arm is 64.2% which is higher than its
in the leading arm 54.5%, if we separate the stars from
metallicity equal �1dex. In the leading arm we did not
see obvious metallicity di↵erence in di↵erent leading arm
range. The metal-poor and metal-rich population exist

[Fe/H]/dex.
-2.5 -2 -1.5 -1 -0.5 0
0

2

4

6

8

[Fe/H]/dex.
-2.5 -2 -1.5 -1 -0.5 0
0

2

4

6

8

10

trailing tail
200◦ < Λ̃⊙ < 280◦

leading tail
60◦ < Λ̃⊙ < 140◦

Figure 5. [Fe/H] distribution for leading(60� < ⇤̃� < 140�) and
trailing south tail(200� < ⇤̃� < 280� ).
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Figure 6. The upper panel shows the MDF of the stars in the
trailing stream, with 200� < ⇤̃� < 230�. The lower panel show
stars in 230� < ⇤̃� < 280�, with one Gaussian fitting.

in all leading arm range.
But in trailing arm we see significant metallicity di↵er-

ence in di↵erent trailing arm range as show in Fig 6. The
top panel show metallicity distribution in 200� < ⇤̃� <
230� which the distribution similar as the lower panel of
Fig 5 shows. In the lower panel show metallicity distri-
bution in 230� < ⇤̃� < 280� while most stars are belong
to the metal rich population. So in the trailing arm, the
stellar population is distinct di↵erent in di↵erent orbit
part along the stream.
Fig 7 present the velocity distribution of the leading

tail in two ⇤̃� bin. From the upper panel we see along
the stream the velocity dispersion slightly increase. And
in the lower panel, we see the metal-poor stars’ fraction
slightly decrease. Fig 8 present the velocity distribution
of the trailing tail in three ⇤̃� bin. It is obvious can see
the metal-poor population disappeared along the trail-
ing tail. And there is almost no significant velocity dis-
persion change along the stream. Which the metallicity
distributions are significant di↵erence with the figure 6
in Gibbons et al. (2017). Proved the speculate that the

12 J. Li et al.
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Fig. 2 Line-of-sight velocity vs. Λ (top panel) and distance vs. Λ (bottom panel) for the M giant

stars with 15◦ <B< 15◦. The green circles show the M giant stars with distance larger than

10 kpc. The black diamonds show NGC group and the near Sgr sample from C07. The red line

show the detections from B14, who derived them from the sub-giant, red giant branch and blue

horizontal branch stars. The grey points show the simulation data from LM10. The black line

shows the location of the unknown over-density from Newberg et al. (2007).

Li, J. et al. 2016, ApJ, 823, 59

Li, J. et al. 2016, RAA, 16, 125

Li, J. et al. (in prep.)
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Ren, H.-B. et al. 2017, RAA, 17, 76

H. B. Ren et al.: The Metallicity of K Giant Stars along the Sgr 76–5

Fig. 3 Red stars, green stars and blue stars show K giant stars in leading arm 1, in leading arm 2 and in the trailing stream,
respectively. Left panel: K giant stars are shown in the Cartesian Galactocentric plane. The Galactic plane (dashed line) and the
positions of the Sun and the Galactic center (GC) are also marked for reference. The black points represent the leading stream of
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(2010) and Monaco et al. (2007), see Table 2, to generate

a metallicity gradient that is more widespread, which is

–(2.0±0.4)× 10−3dex/(◦) in trailing arm 1.

In Figure 5, the red lines show the combined metal-

licity gradient of Sgr streams.

3.2 An Overdensity in Leading Arm 2

In the left panel of Figure 6 we show the distribution of K

giant stars, which agrees with the Λ⊙-Distance cut near

leading arm 2. We can see that there is an overdensity

at 90◦ < Λ⊙ < 140◦ and −90◦ < Vgsr < −200◦.

For further identification, we plot the RHB stars of Shi

et al. (2012) in a Λ⊙-Vgsr map (right panel of Fig. 6).

Fortunately, there is a clear overdensity of RHB stars
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giant stars, which agrees with the Λ⊙-Distance cut near

leading arm 2. We can see that there is an overdensity
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For further identification, we plot the RHB stars of Shi
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Fortunately, there is a clear overdensity of RHB stars

• 384 K-giants from 
LAMOST DR3

• Metallicity gradient along 
the stream from 
LAMOST+literature data

Sagittarius metallicities from LAMOST

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017
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Gemini+GRACES (R~67,500) spectra of 43 LAMOST-selected 
Sagittarius M-giants; (25 trailing tail targets approved for 2017B)
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Yang et al. (in 
prep.):

Using K-giants 
selected by 
method of Liu, C., 
et al. (2014; ApJ, 
790, 110)

Groups identified 
via clustering in 
“4-distance” (3-D 
position + radial 
velocity)

Halo substructures in LAMOST 

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



What fraction of the stars in the Galactic 
halo are part of (chemo-)dynamical 
substructure?

Starting with multi-dimensional data 
(position, distance, RV, [Fe/H], and 
possibly proper motions, alpha-
abundances, etc.) how do we identify 
and statistically characterize 
substructures?

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



Variation in halo stellar density (SDSS 
DR5) – Bell et al. 2008, ApJ, 680, 295

SDSS DR5 residual stellar density after 
subtracting best-fit halo model

Deviation about the model fit 
compared to 11 pure-accretion models 
from Bullock & Johnston (2005)

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



Variation in halo stellar density (SDSS 
DR5) – Bell et al. 2008, ApJ, 680, 295

SDSS DR5 residual stellar density after 
subtracting best-fit halo model

Deviation about the model fit 
compared to 11 pure-accretion models 
from Bullock & Johnston (2005)

Conclusion: smooth halo models are poor fits to 
stellar density, and ≥ 40% of halo stars are in 
substructure.

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



Methods for 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 shu�e 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 stars1 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 shu�ing 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

1Because BHB stars were observed as fillers in the original SDSS project, they have quite a di�erent 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. 2016, ApJ, 816, 80 

See also Xue+2011, Cooper+2011

Idea: create a metric 
(the 4distance) 
quantifying the 
separation of any two 
stars in (l, b, VGSR, and 
distance) phase space.

Choose a threshold, 
and pairs below this 
threshold must be 
associated.

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017
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– 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 shu�e 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 stars1 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 shu�ing 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

1Because BHB stars were observed as fillers in the original SDSS project, they have quite a di�erent 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. 2016, ApJ, 816, 80 

See also Xue+2011, Cooper+2011

Idea: create a metric 
(the 4distance) 
quantifying the 
separation of any two 
stars in (l, b, VGSR, and 
distance) phase space.

Choose a threshold, 
and pairs below this 
threshold must be 
associated.

Conclusions: 
Starkenburg+2009: ≥ 10% of halo stars are in substructure.
Janesh+2016: ~50% of stars are in groups

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



Systematic search for velocity 
structures (ECHOS) in SDSS

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

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



Systematic search for velocity 
structures (ECHOS) in SDSS

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

Conclusion: < 1/3 of metal-poor MSTO stars in 
inner halo are ECHOS.

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



SEGUE halo giants
(Janesh et al. 2016)

LAMOST halo giants (DR3)
10481 stars with S/N>5, 
log g < 3.5, Teff < 6500 K, 
and |Z| > 5 kpc
(distances from Carlin et al. 
2015, AJ, 150, 4)

4568 stars with log g < 3.5, 
Mg index giant selection, 
disk stars removed via 
longitude-velocity selection, 
[Fe/H] cuts
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Sharma et al. 2011, ApJ 730, 3)
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SHARDS conclusions:

• At least 10% of stars in Milky 
Way halo are part of 
substructures (“SHARDS”)

• Level of substructure 
consistent with purely-accreted 
Galactic halo between 15 < 
RGC < 50 kpc

• Next: metallicities & chemical 
abundances, spatial scales, 
velocity dispersions; map 
known structures

RGC (kpc)

* Carlin et al. 2016 (ApJ, 822, 16)
J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



SEGUE halo giants
(Janesh et al. 2016)

LAMOST halo giants (DR3)
10481 stars with S/N>5, 
log g < 3.5, Teff < 6500 K, 
and |Z| > 5 kpc

4568 stars with log g < 3.5, 
Mg index giant selection, 
disk stars removed via 
longitude-velocity selection, 
[Fe/H] cuts

20 40 60 80
RGC (kpc)

10

100

1000

N

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



SEGUE halo giants
(Janesh et al. 2016)

4568 stars with log g < 3.5, 
Mg index giant selection, 
disk stars removed via 
longitude-velocity selection, 
[Fe/H] cuts

DR4 halo giants: 
17495 stars with S/N>5, 
log g < 3.5, Teff < 6500 K, 
and |Z| > 5 kpc
(1977 in >3s groups of 3 
or more stars)

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



Thank you!

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017





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

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



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?

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



Xu et al. (2015, ApJ, 801, 
105) – “corrugated” disk

J. Carlin; 2nd LAMOST-Kepler Workshop; Aug. 3, 2017



More disk wiggles: 
Pearl et al. 2017 (ApJ, submitted)

Local Disk Velocity Substructure 17

Figure 10. Several perspectives of stellar velocity averaged over the perpendicular spatial axis. Velocity that is
coplanar with these axes is measured by the respective components of each vector which corresponds to the bin
centered at the tail of the vector. The perpendicular velocity is measured by the color of the vector, as scaled by
the colorbar. The grey ellipses centered around the tip of the arrow measure one standard deviation of the combined
uncertainty (statistical and systematic error, added in quadrature) in the two dimensions displayed by the vector, while
the half lengths of the black vertical bars measure the combined uncertainty in the color (perpendicular velocity). All
measures of uncertainty, as well as the planar velocity vectors, follow the displayed scale, which is set such that one
minor tick on either axis is equal to 10 km s�1. The minor ticks also correspond to approximately 0.1 kpc in the
spatial dimensions. Each plot is oriented such that blue indicates the velocity is coming out of the page, while orange
indicates the velocity is going into the page. We only display measurements representing at least fifty data points to
present only the most reliable measurements.

• ~340,000 F-type stars from 
LAMOST DR3

• Derived improved corrections to 
PPMXL proper motions (correction 
tables published with the paper)

• Deviations of ~20 km/s over 
scales of ~0.5 kpc18

Figure 11. Stellar velocity with slices in ✓ (data file included, spatial-bins.fits or spatial-bins.csv). These
plots show the individual bins that are within the specified theta bounds. Starting at the top left, the plots start in
the third quadrant (positive theta) and consecutively step in the negative direction, passing through the anticenter
and into the second quadrant. We only display bins with at least ten data points in order to eliminate only the
measurements with very large uncertainties.
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S/N > 5, |B| < 15 deg., dist > 5 kpc
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Xu et al. 2017; arXiv: 1706.08650

LAMOST K-giant halo 
density profilethe stellar halo 9

Figure 9. Fitting residual sample. A sample histogram of fitting
residuals (rGC − rGC,fit) in the bin of ln(ν) = −13.75 is shown
on the left. The grey curve shows a Gaussian fit to the residual
distribution. The right panel shows the K giant stars within this
iso-density surface and their fitting result in the R−Z plane. The
plus signs represent K giants in the bin with ln(ν) = −13.75. The
triangles are the same median values which are shown in Figure 8.
The triangles are plotted on this plot according to their polar
coordinates(rGC , θ). The curve shows the outline of the relation
of r =

!

R2 + (Z/q)2.

Figure 10. This figure is analog to the right panel of Figure 9.
The triangles are the similar median values as those described
in Figure 8, but for all iso-density surfaces. And the colors code
the value of ln(ν). The gray curves are the corresponding best-fit
ellipse.

3.4 The overdensities related to the Sagittarius

stream

The prominent overdensities in north and south Galactic
hemisphere shown in the residual map may be associated
with the leading and trailing arms of Sgr. In this section, we
validate the correlation between the identified overdensities
in the residual map and the Sgr tidal stream by selecting
Sgr candidates from our K giant samples using criteria from
Belokurov et al. (2014), and then overplotting the Sgr can-
didates on the residual map.

Figure 13 shows the LAMOST K giants within ±12◦ of
the equator of the Sgr coordiante system (within ±12◦ of the
Sgr dwarf orbital plane). The figure shows the distribution
of Vgsr

1 and distance modulus as a function of angle along

1 Vgsr = rv+9.58∗cos(b)∗cos(l)+(220+10.52)∗cos(b)∗sin(l)+
7.01 ∗ sin(b) (Xu et al. 2015)

Figure 11. The relations between the shape parameters q and
r at different densities respectively. The upper panel shows the
q distribution as function of r. The black line shows a rational
polynomial fit to the data. The red points shows the results from
Xue et al. 2015. The lower panel shows the number density as a
function of ln(r). The black line is the power law fit to the data.

the tidal stream respectively. The coordinate of (Λ⊙, B⊙)
is a heliocentric coordinate system whose equator is aligned
with the Sgr trailing tail. The longitude Λ⊙ increases in
the direction of Sgr motion, and the latitude B⊙ points to
the North Galactic pole, which is the same as defined in
Belokurov et al. (2014).

The paths of the Sgr leading and trailing arms along
the distance modulus, as described in Belokurov et al.
(2014), are shown in the upper panel of Figure 13 as
gray curves. The north-leading-arm path starts from (Λ⊙,
(m-M))=(37.1◦, 17.83) and ends at (117.2◦, 17.3). Com-
pared with the leading arm path of Belokurov et al.
(2014), the leading arm traced by LAMOST K giants with
Vgsr ∼ −100 kms−1 (blue points) extends to (Λ⊙, (m-
M))=(160◦, 16), which is consistent with that traced by
the stream’s sub-giant branch (SGB) stars reported by
Belokurov et al. (2006). The north-trailing-arm path de-
fined by Belokurov et al. (2014) starts from (Λ⊙, (m-
M))=(138.9◦, 19.11) and ends at (191.7◦, 19.49), the dis-
tance of north-trailing-arm is further than 60 kpc. The
path of Sgr south-trailing-arm of Belokurov et al. (2014) at
220◦ < Λ⊙ < 300◦, LAMOST K giants also show a locus at
the region of 220◦ < Λ⊙ < 250◦ and 16.5 < (m−M) < 18.5,
which can be clearly confirmed by the obvious clump at
(Λ⊙, Vgsr)=(245◦,−150 kms−1) on the velocity distribution
in lower panel of Figure 13.

Note that the Sgr north-trailing-arm is farther than 60
kpc, which is beyond our detection range, so it won’t be
considered stressfully in this work.
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Figure 9. Fitting residual sample. A sample histogram of fitting
residuals (rGC − rGC,fit) in the bin of ln(ν) = −13.75 is shown
on the left. The grey curve shows a Gaussian fit to the residual
distribution. The right panel shows the K giant stars within this
iso-density surface and their fitting result in the R−Z plane. The
plus signs represent K giants in the bin with ln(ν) = −13.75. The
triangles are the same median values which are shown in Figure 8.
The triangles are plotted on this plot according to their polar
coordinates(rGC , θ). The curve shows the outline of the relation
of r =

!

R2 + (Z/q)2.

Figure 10. This figure is analog to the right panel of Figure 9.
The triangles are the similar median values as those described
in Figure 8, but for all iso-density surfaces. And the colors code
the value of ln(ν). The gray curves are the corresponding best-fit
ellipse.
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stream
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hemisphere shown in the residual map may be associated
with the leading and trailing arms of Sgr. In this section, we
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1 Vgsr = rv+9.58∗cos(b)∗cos(l)+(220+10.52)∗cos(b)∗sin(l)+
7.01 ∗ sin(b) (Xu et al. 2015)

Figure 11. The relations between the shape parameters q and
r at different densities respectively. The upper panel shows the
q distribution as function of r. The black line shows a rational
polynomial fit to the data. The red points shows the results from
Xue et al. 2015. The lower panel shows the number density as a
function of ln(r). The black line is the power law fit to the data.
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220◦ < Λ⊙ < 300◦, LAMOST K giants also show a locus at
the region of 220◦ < Λ⊙ < 250◦ and 16.5 < (m−M) < 18.5,
which can be clearly confirmed by the obvious clump at
(Λ⊙, Vgsr)=(245◦,−150 kms−1) on the velocity distribution
in lower panel of Figure 13.

Note that the Sgr north-trailing-arm is farther than 60
kpc, which is beyond our detection range, so it won’t be
considered stressfully in this work.
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Figure 12. Residual map of the number density, (ν −

νfitting)/νfitting, shown in R vs. Z plane. The rectangle frame
indicates the position of overdensity of (R,Z) = (30, 15) kpc.

Figure 13. The distance moduli and Vgsr for LAMOST K gi-
ants with −12◦ < B⊙ < 12◦ as a function of Λ⊙ respectively.
(Λ⊙, B⊙) are Sgr stream coordinates defined in Belokurov et al.
(2014). The upper panel shows distance modulus vs. Λ⊙, with se-
lected K giants color coded by Vgsr . The lower panel shows Vgsr

vs. Λ⊙ with stars color coded by distance modulus. The grey
curves show the heliocentric distance modulus and Galactocen-
tric velocities of Sgr leading and South Sgr trailing arms indicated
in Tables 1-5 of Belokurov et al. (2014).

Figure 14. Left panel: the red points are candidate stars of the
leading arm of Sgr, selected from our LAMOST K giant samples.
The background is part of residual map of number density distri-
bution. Right panel: the blue points are candidates stars in the
trailing arm of Sgr selected from our LAMOST K giant sample.

Figure 15. The distribution of candidates of overdensity of
(R,Z) = (30, 15) kpc in the Sagittarius coordinate system. The
black pluses lable the star within the range of −12◦ < B⊙ < 12◦.
The red points are stars beyond the range.

Figure 16. The candidates of overdensity (R,Z) = (30, 15) kpc
is plotted in the frame of Figure 13. The gray curve are defined
in the same way with that of Figure 13. The black pluses also
represent stars within the range of −12◦ < B⊙ < 12◦.
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