
Cool run-aways !
Nearby Hills ejecta as a probe of gravitation 

potential of the Milky Way 

Supervisor: Martin C. Smith & Jinliang Hou

 Yanqiong Zhang!
Shanghai Astronomical Observatory



Hills Stars
When a stellar binary interacts with the Black Hole at the 
Galactic centre, one of the stars can be ejected with very high 
velocity (Hills 1988).	

So far, confirmed Hyper-velocity stars are O/B/A stars ! 	

Nobody has confirmed any low-mass Hills. 	

There are some HVS candidates in LAMOST.(Li et al. 2012,  Zhong et al. 2014, Zheng  et al. 2014)	


Predicted number of ejected F/G stars ~ 30 * number of ejected O/B stars 
(Kenyon 2008)



To find low-mass Hills candidates — Data

Sloan Digital Sky Survey (SDSS) Stripe 82 data: 
•    250 sq deg (50˚ < RA < -50˚, -1.25˚ < Dec < 1.25˚) 
•     ~80 epochs over 7 years, u\g\r\i\z photometry         
•     Small systematics and random errors of proper motion (Koposov et al.2013)
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Figure 1. Left panels: normalized histogram of proper motions of spectroscopic QSOs measured relative to the photometric QSOs normalized by the error bar provided
by the modeling. Red lines are Gaussians with zero mean and unity dispersion. Blue dashed curves show the histograms of the proper motions of spectroscopic QSOs
from Bramich et al. (2008). Central panels: the median proper motion of spectroscopic QSOs relative to the photometric QSOs vs. their color difference. Right panels:
the measured error bars on the proper motions as a function of the r band magnitude. The red lines show the median values of our measurement errors. The blue
dashed lines show the median of proper-motion errors from Bramich et al. (2008).
(A color version of this figure is available in the online journal.)

2009; Watkins et al. 2009). The Stripe 82 data set has also
been used by Bramich et al. (2008) to derive proper motions.
This light-motion catalog was subsequently exploited to build
reduced proper-motion diagrams (Vidrih et al. 2007) and analyze
kinematical properties of Galactic disk and halo populations
(Smith et al. 2009a, 2009b, 2012).

Even so, the proper-motion measurements pioneered by
Bramich et al. (2008) can be improved. For the bulk proper
motion of Sgr, we are interested in the statistical properties of
a large ensemble of faint tracers, so proper motions with the
smallest possible systematic errors are highly desirable. The
original catalog by Bramich does not provide proper motions
for stars fainter than r ∼ 20.5 and is known to have some
noticeable systematics. Since the Sgr stream has a very large
number of tracers in Stripe 82 (Watkins et al. 2009), we do not
require a proper-motion measurement for every star, but rather
need small systematic errors and well understood error bars for
an ensemble. For this purpose, it makes sense to measure the
proper motions relative to quasars (QSOs).

Stripe 82 has a number of both spectroscopically and pho-
tometrically identified QSOs. In this work, we have used the
catalog of spectroscopic QSOs from Schneider et al. (2010) and
the sample of photometrically identified QSOs from Richards
et al. (2009) to extract denizens of Stripe 82. The purity of the
spectroscopic catalog of QSOs is guaranteed—all the objects
are QSOs and must have zero proper motion. However, the pho-
tometric catalog is known to have some contamination by stars.
In order to minimize contaminants, we use the cut good !1,
as recommended by Richards et al. (2009). This guarantees a
small stellar contamination, certainly <5%.

2.1. Relative Proper Motions

Given a sample of QSOs each with zero proper motion, then
for each star in the vicinity of the QSO, we may determine
the proper motion relative to the quasar. As an input catalog
for the stars, we took the Stripe 82 co-add data set (Annis
et al. 2011), from which we select primary objects, classified
by the SDSS pipeline as stars. The individual source detec-
tions are taken from the Stripe 82 portion of the SDSS DR7

database (O’Mullane et al. 2005) using only those fields hav-
ing acceptable and good data quality flags. Matching co-
added sources to detections at individual epochs is done with
the 0.5 arcsec radius using the Q3C module for the PostgreSQL
database (Koposov & Bartunov 2006). This procedure makes
the catalog incomplete for high proper motion objects (with
proper motions "100 mas yr−1), but we are not interested in
such objects in our current study.

Then, for each pair (star, QSO) observed multiple times by
SDSS within one field, we analyze the positional offsets and
errors. For the right ascension, these are defined via
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where µ is the proper motion of the star, t is the date of the
observation, f is the fraction of outliers, and σ is the scatter
around the linear relation, whilst R(∆) is the rectangular function
to account for the outliers.

The resulting likelihood is then minimized with respect to
the four parameters µ, ∆0, f, σ with the error bars determined
from the Hessian at the minimum. Repeating this procedure for
the offsets in declination gives us the proper motions and their
errors, µα , σµ,α , µδ , σµ,δ for all the sources with a spectroscopic
or a photometric QSO nearby.

2.2. Systematic Errors in the Proper Motions

After performing the computation of the proper motion for
individual stars, and before trying to measure the statistical
proper motions for ensembles of stars, it is important to check for
the presence of possible systematics, as well as to examine the
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249,901  low-mass stars	

13,170    with SDSS spectroscopy

Zhang et.al accepted by APJ 
http://arxiv.org/abs/1608.04053



Radial 
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Proper 
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Ejection/ Crossing 
Radius

Calculate the last disc crossing by integrating the orbit back through time

If we trace the orbit of a star back in time, a 
Hills star will come from the Galactic centre

To find Hills star — Method
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Crossing X [kpc]

The possible Crossing positions of a star with measured errors by Monte Carlo technique 

<r_cr> < 2 kpc	


p(r_cr <1 kpc) > 25%

To find low-mass Hills candidates — Identify



The GC is within 3*σ of 
the Crossing position.

v_cr > 400 km/s
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SHC3: [Fe/H]=−0.30
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SHC5: [Fe/H]=−0.35

       
 
 

 

 

 

 
 

SHC6: [Fe/H]=−0.39
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SHC9: [Fe/H]=−0.57

Crossing x [kpc]

C
ro

ss
in

g 
y 

[k
pc

]

9 Hills Candidates !
with [Fe/H] > -0.58



Observe 76 ‘good’ Hills F/G targets with [Fe/
H] > -0.6 by Palomar telescope

• For one of the targets, the GC 
is within 3*σ of the crossing 
position.	


• The proper motion selected 
sample has an efficiency of 
around 1/76 ~ 1.3%	


!

• while the SDSS sample has an 
efficiency of 10/13170 ~ 0.08%



Constrain the Galactic potential by Hills Stars  

All Galactic Potential are adopted from Dehnen & Binney(1998)

a Hills candidate with SDSS error
mock Hills stars by 2b potential !

with Gaia and LAMOST error 
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Constrain the Galactic potential by Hills Stars with Gaia error  
If we have 50 nearby low-mass Hills stars:
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True potential: Rd,*/R0=0.3!

Wrong potential: Rd,*/R0=0.35!

Wrong potential: Rd,*/R0=0.25

Zhang et.al,in prep



Summary

1. There may be several low mass Hills star in Stripe 82 

data. 

2. Nearby Hills stars can constrain the Galactic potential, 

but accurate data is needed.


