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Figure 12. RVs of HD 10700 as a function of time.
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Figure 13. (a) RVs of an eclipsing binary star A023631+41208.6 as a func-
tion of the orbital phase. The best-fitting model is depicted with a solid line.
(b) Best-fitting residuals as a function of the orbital phase. (c) Best-fitting
residuals as a function of time.

Figure 10. Frames showing 1's Th—Ar (a), 60 s flat lamp (b) and 300 s HD
10700 (c) raw spectra.
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Figure 11. RVs of HD 1581 as a function of time.
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Figure 14. (a) RVs of a double-lined spectroscopic binary star HD 3405
as a function of the orbital phase. The best-fitting model is depicted with
a solid line. (b) Best-fitting residuals as a function of the orbital phase. (c)
Best-fitting residuals as a function of time.
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Figure 15. (a) RVs of a double-lined spectroscopic binary star HD 4676
as a function of the orbital phase. The best-fitting model is depicted with
a solid line. (b) Best-fitting residuals as a function of the orbital phase. (c)
Best-fitting residuals as a function of time.
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Figure 16. PHOEBE model of A023631+1208: ACVS light curve (top
panel) and RVs obtained with BACHES (bottom panel).

to My = 1.357 &£ 0.008 M and M, = 1.138 £ 0.007 M, that
have been previously published. The error of mass determination is
3 per cent for BACHES data and 0.6 per cent for AAT data. With our
relatively inexpensive setup, we were able to derive stellar masses
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with a precision less than one order of magnitude worse than in
the case of a 3.9-m telescope and an R ~ 60000 spectrograph. In
both cases, Th—Ar spectra were used for wavelength calibration. We
have used skTEBOP and JKTABSDIM (Southworth, Maxted & Smalley
2004), pHOEBE (Prsa & Zwitter 2005) and our own numerical codes
to obtain the model.

7 SUMMARY

We have been able to obtain spectra with a signal to noise ratio
(SNR) of 20 at 5500 A for a 10 mag star in a 30 min exposure at a
resolution of 20 000. Considering a small, 0.5-m primary mirror and
not perfect guiding, this result is very good for a compact slit-based
spectrograph. We expect that better guiding and a larger slit (50
pum instead of 25 um) along with a higher QE camera will allow
us to reach 11 mag stars with an acceptable SNR. Increasing the
width of the slit will reduce the resolution of the spectrograph, but
even then the instrument will be adequate for a survey-type project.
There are, however, a few points that need to be addressed. The
spectroscopic CCD camera mount interface needs to be modified.
A dedicated, oversized diameter flange should be screwed directly
into BACHES’ housing to minimize the flexures. Standard connec-
tors used in amateur astronomy (1.25 and 2.0 inch diameters) do
not provide enough support even for medium-sized cooled CCD
cameras used for spectroscopy. The Finger Lakes Instrumentation
(FLI) filter wheel’s mechanical interface needs to be stiffened to
reduce the flexure of the filter wheel and CCD camera assembly.
The interface should be split into two independent mechanical parts:
one that screws into the filter wheel and ends with a 4 arcsec male
dovetail ASA interface. The GAM should have a corresponding
female 4 arcsec dovetail interface instead of the FLI thread. This
will allow easy rotation, assembly and disassembly of the imaging
train.

Despite the minor mechanical shortcomings that are visible in
the tests, the resulting precision of RV measurements is of the
order of 1.5kms™! which a very good result. The stability of the
spectrograph is satisfactory when comparing actual shifts of Th—
Ar spectra taken before and after the object’s spectrum. Konacki
et al. (2003) show shifts of the Th—Ar calibration spectra on the
CCD of the Keck I High Resolution Echelle Spectrometer (HIRES)
throughout a four day observing run. HIRES is mounted on the
Nasmyth platform and an amplitude of 1 pixel corresponding to
24 umis visible. In this context, the stability of our setup is excellent.

Hetminiak et al. (2009) present RVs obtained with the Grat-
ing Instrument for Radiation Analysis with a Fibre-Fed Echelle
(GIRAFFE) for two eclipsing binaries: A010538—8003.7,
10.01 mag and A174626—1153.0, 10.81 mag). The rms of the
best fits are 3.02 and 3.11kms~' for A010538—8003.7, 1.92
and 1.52kms~! for A174626—1153.0, compared with 1.6 and
1.7kms~! obtained with BACHES for A023631+1208.6, a
9.75 mag binary. GIRAFFE is a low-cost fibre-fed instrument lo-
cated in the coudé room in a much more stable environment than
BACHES.

Our overall impression is that the tested setup is very capable
and can produce science-grade results. The commissioning time is
very short, most of the components work out-of-the-box. A fully
automated spectroscopic mode will require a significant amount of
coding time but is definitely possible to implement without major
hardware modifications. The total time on site needed to mount the
spectrograph, connect all necessary cables and take stellar spectra
is about 3—4 h which is a very impressive result.
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Comparing results obtained with BACHES with other instru-
ments is not straightforward due to the number of parameters that
influence the overall performance of the observing systems — apart
from the spectrograph, also the telescopes and cameras have strong
impact on the capabilities of the setups. However, some conclu-
sions can be formulated when comparing it with PUCHEROS and
eShel. BACHES is the only spectrograph in this trio that is mounted
directly on the imaging train of the telescope. This means that its
position and orientation change constantly throughout the night.
The spectrograph also operates in continuously changing ambient
conditions — temperature and pressure variations influence the me-
chanical stability of the instrument. On the other hand, BACHES
is a slit spectrograph, so light is not lost in the fibre that feeds the
other two instruments. As a result, it is possible to obtain a spec-
trum of an ~10mag star with an SNR 20 with 30 min exposures
using BACHES. Based on the information provided in Vanzi et al.
(2012) and Csak et al. (2014), we can estimate that PUCHEROS and
eShel will require ~1h exposures to achieve a comparable SNR.
It should be noted, however, that simple scaling of the exposure
time towards longer integration times is just an optimistic estimate.
During long exposures, the performance of the telescope’s mount
plays an important role in the overall efficiency of the system as the
tracking errors influence the amount of light that enters the slit/fibre.
In project Solaris, we use gear-less direct drive mounts with very
high dynamical performance. In terms of stability, eShel is roughly
one order of magnitude better than BACHES and PUCHEROS for
similar targets. Comparison has been made for 0.5-m telescopes.

BACHES exceeded our expectations in terms of its usefulness in
RV measurements for binary stars and we plan to equip two Solaris
telescopes with these instruments in the near future.
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