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Abstract. We present a new approach with which the dynamical mass of low-mass companions around cool
stars can be found. In order to discover companions to late-type stars the stellar spectrum is removed. For
this we substract two spectra obtained at different orbital phases from each other in order to discover the
companion spectrum in the difference spectrum in which the companion lines appear twice (positive and
negative signal). The resulting radial velocity difference of these two signals provides the true mass of the
companion. For our test case GJ1046, an M2V dwarf with a low-mass companion that most likely is a brown
dwarf we select the CO line region in the K-band. We show that the dynamical mass of a faint companion
to an M dwarf can be determined using our spectral differential technique. Only if the companion rotates
rapidly and has a small radial velocity amplitude due to a high mass, does blending occur for all lines so
that our approach fails. In addition to determining the companion mass, we restore the single companion
spectrum from the difference spectrum using singular value decomposition.

1. INTRODUCTION
In this paper we introduce a spectral differential method to the suite of techniques with which the
dynamical mass and hence the true nature of low-mass companions can be determined. We develop
our technique around the example of GJ1046b, which is a companion to the inactive old M2.5 V star
that was found by [2, 6]. This object has a minimum mass of 27 Jupiter mass (MJup ) that was derived
from RV measurements, and from a combination of the RV measurements with Hipparcos astrometry a
maximum mass of 112MJup was found by [2]. With a separation of 0.42 AU the companion is close to
its host star and consequently it is located in the brown dwarf desert.
Around solar-type stars, few candidates are located in the brown dwarf desert all of which have large
star-to-companion brightness ratios. A more favourable brightness contrast can be found in systems
comprised of a brown dwarf orbiting an M-type star in the brown dwarf desert. There are several known
candidates for probable brown dwarf companions to M-type stars, such as GJ1046 ([2]), GJ595, GJ623,
and GJ84 ([4]). For this paper we chose GJ1046 as a sample to develop our technique, but certainly, we
can apply this method to other brown dwarf companions to M-type stars.
2. METHOD OF DIFFERENCE SPECTRUM
Our method aims at discovering companions to late-type stars by removing the stellar spectrum through
subtraction of spectra obtained at different orbital phases and identifying the companion spectrum in the
difference spectrum. Using near-infrared spectra of sufficient resolution one can attempt to search for
absorption lines of the companion in the spectrum. In our approach we take one spectrum each near the
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Figure 1. Simulated difference spectra obtained from observations at companion’s RV maximum and minimum.
The stellar spectrum cancels. Three panels for effective temperatures 2500 K, 2000 K and 1500 K, and contrasts
C = 20, 60, 250, respectively, for the minimum possible companion mass m2,min = 26.85MJ up . The solid line is
the companion difference flux with photon noise added, the crosses together with the 3-sigma error bars depict just
the photon noise.

maximum and the minimum of the known radial velocity curve of the star, shift them in wavelength in
such a way that the stellar line systems co-align and subtract them from each other thereby removing
the stellar signal (the photon noise still has to be dealt with). What one is left with is a spectrum that
consists of the difference of two spectra of the companion, but taken at different radial velocities. The
companion lines will therefore appear twice in this difference spectrum, once as a positive signal and
once as a negative signal. By determining the radial velocity difference of these two signals one can
obtain the star-to-companion mass ratio and, if the stellar mass is known, one can determine the true
mass of the companion and thereby its nature.
The spectrum of the invisible companion will be detectable when the star-to-companion brightness
ratio (hereafter called “the contrast”) of the two components of the system is sufficiently small. The best
wavelength range for low-mass star observations is the near-infrared (NIR). [3] provide the absolute
magnitude - spectral type dependence in the J and K bands for objects from L0 to T9, and it can be seen
that in the J band the contrast is less favourable for these spectral types than in the K band. Therefore,
we selected the K band, where sharp CO lines are found. To realize our approach we need an NIR
spectrograph with high resolution of the order 50,000 - 100,000 such as the cryogenic high-resolution
infrared spectrograph CRIRES that is mounted at the Very Large Telescope of the European Southern
Observatory.
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Table 1. Determined companion masses for different rotational velocities of the companion: 5 kms−1 , 10 kms−1 ,
15 kms−1 and 20 kms−1 . Input Min were calculated from the difference spectra.

v
sini
5
10
15
20
5
10
15
20

Min
(MJ up )
26.85
26.85
26.85
26.85
111.74
86.91
67.04
54.57

2500 K
26.11 ± 0.22
27.00 ± 0.28
26.80 ± 0.35
26.91 ± 0.58
107.7 ± 1.3
85.7 ± 1.8
64.49 ± 0.89
54.5 ± 1.4

Mout (MJ up )
2000 K
26.93 ± 0.32
26.60 ± 0.49
26.45 ± 0.58
26.67 ± 0.47
107.0 ± 4.0
83.9 ± 1.3
65.98 ± 0.60
56.2 ± 2.4

1500 K
27.08 ± 0.14
26.65 ± 0.27
26.85 ± 0.41
26.76 ± 0.24
110.0 ± 1.9
88.0 ± 2.5
71.3 ± 1.9
56.1 ± 1.1

The absence of high-resolution spectroscopic observational data for GJ1046 leads us to simulate
CRIRES observations in order to investigate the feasibility for the detection of the companion in the
difference spectrum. For this purpose we take the synthetic spectra described in [1]. We generate Poisson
distributed photon noise with a signal-to-noise ratio (SNR) equal to 500 per spectral pixel for each of
the spectra from the two different observational epochs.
3. RESULTS
By planning for observations of GJ1046 near the minimum and maximum of its RV curve and then
subtracting the obtained spectra from each other we aim at the discovery of the CO lines of the brown
dwarf candidate companion to the M2.5V host star. Figure 1 presents simulations of difference spectra
taken at maximum amd minimum stellar RV, previously shifted to correct for stellar orbital and Earth’s
barycentric motions thereby making the stellar spectrum cancel. In [1] several kinds of uncertainties
concerning misalignment of the two spectra during subtraction, imperfect orbital solution of the primary
star and activity of the host star are considered.
Taking a signal-to-noise ratio of 500, we determine the difference spectrum for the three different
effective temperatures of the companion 2500 K, 2000 K, 1500 K (Fig. 1 shows this for the minimum
companion mass but the result for maximum mass is very similar). As is seen from Figure 1, the
companion signal is much stronger than the photon noise even for the object with an effective
temperature of 1500 K. Therefore, we can confirm that it is feasible to detect this difference companion
spectrum in the planned observations with CRIRES.
Once we have obtained the difference spectrum, we will try to find the mass of the companion. To
this end it is important to consider the broadening of the spectral lines due to rotation of the companion.
The faster the rotation of the companion, the broader the CO lines will be and therefore more blended
lines will appear in the difference spectrum. All our synthetic spectra were convolved with a rotational
profile corresponding to projected rotational velocities of 5 kms−1 , 10 kms−1 , 15 kms−1 and 20 kms−1
to study how rotation of the companion influences the determination of the mass.
Table 1 shows the determined RV shifts and masses from the difference companion spectrum
with various rotational velocities. For a companion with the minimum possible mass no blending
effect occurs in the difference spectra which results in a correct mass determination (Table 1) for all
adopted rotational velocities. But, for the maximum companion mass it is only possible for rotational
velocities of 5 kms−1 , to find the correct wavelength shift and therefore the mass of the companion (all
obtained masses are within ∼ 3  of the true mass). The lower part of Table 1 provides in the second
column the maximum mass values for which the correct mass determination is still possible. For higher
rotational velocities, the obtained masses are wrong because of blending of the CO-lines in the difference
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Figure 2. Companion spectrum (solid line) reconstructed from difference spectrum for a companion with a mass
of 27.11MJ up . The crosses show the input spectrum of the companion with the same signal-to-noise ratio.

spectrum. To reconstruct the (single) companion spectrum from the difference spectrum, we apply the
method of singular value decomposition using the algorithm by [5].
The reconstructed companion spectrum is shown in Fig. 2. Note that for display purposes we
show it only for the wavelength region covered by the second CRIRES detector in the wavelength
setting selected by us. We reconstructed this companion spectrum for the case of a companion mass
of 27.11MJ up , effective temperature of 2500 K, and rotational velocity of 5 kms−1 (cf. Table 1). As
is seen from Fig. 2, the main features are reconstructed, but there are discrepancies in the finer
details.
4. CONCLUSIONS
In this paper, we have presented a spectral differential technique for the detection and characterization
of an invisible close companion to late-type stars. We show that companion difference spectra with
effective temperatures of 2500 K, 2000 K and 1500 K would be possible to detect with CRIRES
for companions to an M2.5V star. We demonstrate that the determination of the companion mass
can be made with very high accuracy for slowly rotating companions. Faster rotation of the
companion complicates its mass determination, especially for high companion masses. Knowing the
true wavelength shift value we have reconstructed the spectrum using singular value decomposition.
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