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ABSTRACT

Context. With the recent surge of planetary surveys focusing on detecting Earth-mass planets around M dwarfs, it is becoming more
important to understand chromospheric activity in M dwarfs. Stellar chromospheric calcium emission is typically measured using the
R′HK calibrations of Noyes et al. (1984), which are only valid for 0.44 ≤ B − V ≤ 0.82. Measurements of calcium emission for cooler
dwarfs B − V ≥ 0.82 are difficult because of their intrinsic dimness in the blue end of the visible spectrum.
Aims. We measure the absolute Ca ii H & K and Hα flux of a sample of 110 HARPS M dwarfs and also extend the calibration of R′HK
to the M dwarf regime using PHOENIX stellar atmosphere models.
Methods. We normalized a template spectrum with a high signal-to-noise ratio that was obtained by coadding multiple spectra of the
same star to a PHOENIX stellar atmosphere model to measure the chromospheric Ca ii H & K and Hα flux in physical units. We used
three different Teff calibrations and investigated their effect on Ca ii H & K and Hα activity measurements. We performed conversions
of the Mount Wilson S index to R′HK as a function of effective temperature for the range 2300 K ≤ Teff ≤ 7200 K. Last, we calculated
continuum luminosity χ values for Ca ii H & K and Hα in the same manner as West & Hawley (2008) for −1.0 ≤ [Fe/H] ≤ +1.0 in
steps of ∆[Fe/H] = 0.5.
Results. We compare different Teff calibrations and find ∆Teff ∼ several 100 K for mid- to late-M dwarfs. Using these different Teff

calibrations, we establish a catalog of log R′HK and F ′Hα/Fbol measurements for 110 HARPS M dwarfs. The difference between our
results and the calibrations of Noyes et al. (1984) is ∆ log R′HK = 0.01 dex for a Sun-like star. Our χ values agree well with those of
West & Hawley (2008). We confirm that the lower boundary of chromospheric Ca ii H and K activity does not increase toward later-M
dwarfs: it either stays constant or decreases, depending on the Teff calibration used. We also confirm that for Hα, the lower boundary
of chromospheric flux is in absorption for earlier -M dwarfs and fills into the continuum toward later M dwarfs.
Conclusions. We confirm that we can effectively measure R′HK in M dwarfs using template spectra with a high signal-to-noise ratio.
We also conclude that our calibrations are a reliable extension of previous R′HK calibrations, and effective temperature calibration is
the main source of error in our activity measurements.

Key words. Stars: activity – Stars: chromospheres – Stars: late type

1. Introduction

M dwarfs comprise the majority of the stellar population, but
their fundamental properties present challenges in measuring
some of the most common activity indicators in the optical wave-
length region, in particular, Ca ii H and K, which lie in the
bluer part of the visible spectrum. The cooler temperatures of M
dwarfs imply that the bulk of their radiation lies toward longer
wavelengths than for their FGK counterparts. M dwarfs are also
intrinsically dimmer, which either decreases the signal-to-noise
ratio (S/N) of observations or requires longer exposure times.
Figure 1 demonstrates the differences in brightness and spec-
tral energy distribution between a Sun-like G2 dwarf and a typ-
ical M4 dwarf. Additionally, telescope transmission and detec-
tor sensitivity are often higher in the redder wavelengths, which
further exacerbates the problem of comparing their calcium flux
with FGK stars in a consistent manner.

Send offprint requests to: C.J. Marvin, e-mail:
chris.j.marvin@gmail.com

In what is known as the de facto standard of stellar activity
surveys, Baliunas et al. (1995) monitored Ca ii H and K lines
of 111 main-sequence FGKM stars for several decades using
the dimensionless measure called the Mount Wilson S index,
or S MWO. This S index is a ratio of the Ca ii H and K line
core fluxes normalized to nearby continuum bands. However,
the fluxes of the nearby continuum bands are not constant across
spectral types (Vaughan & Preston 1980; Hartmann et al. 1984),
which makes the comparison of stellar activity of different spec-
tral types difficult with S MWO. To mitigate the color-dependence,
S MWO is usually transformed into a physical quantity known as
RHK, which is the ratio of the Ca ii H and K surface flux to bolo-
metric flux. A more desirable measure, known as R′HK, subtracts
the photospheric contribution RHK, phot, leaving only the chromo-
spheric flux excess. Here, the prime denotes that the flux mea-
surement is solely of chromospheric origin. The most common
method of calculating R′HK is the prescription derived by Noyes
et al. (1984), which requires only S MWO and B−V to obtain R′HK.
However, this method is only valid for 0.44 ≤ B − V ≤ 0.82,
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which means that M dwarfs lie outside of this R′HK calibration
range.

Despite these difficulties, measurements of Ca iiH and K and
Hα flux in M dwarfs have been performed before. Walkowicz &
Hawley (2009) measured Ca ii H and K equivalent widths for a
sample of M3 dwarfs with the spectral subtraction method, us-
ing a stellar atmosphere model to correct for the photospheric
flux contribution. The same technique was used by Montes et al.
(1995b), who coined the term "spectral subtraction technique"
and that has been performed as far back as Barden (1985) and
Herbig (1985). In these studies, a synthetic spectral line profile
is used as the photospheric contribution of a given star and is
subtracted from an observed spectrum, resulting in a measure-
ment of the chromospheric flux excess. Montes et al. (1995a)
used the spectral subtraction technique to measure the chromo-
spheric Ca ii H and K flux excess in 28 FGK stars. Instead of us-
ing a photospheric spectrum, Cincunegui et al. (2007) measured
the surface flux FHK of main-sequence stars from early-F down
to M5 spectral types, and extrapolated the Noyes et al. (1984)
photospheric contribution for the M dwarfs. To measure the frac-
tional surface flux to bolometric flux of Ca ii H and K, West &
Hawley (2008) used the χ method, where multiplying an equiv-
alent width by a factor χ, a continuum measurement nearby the
calcium line, results in LCa iiHK/Lbol. This study provided χ fac-
tors of Ca ii H and K for the spectral range M0 - M8. However,
it did not provide a correction for the photospheric contribution.
To extend the photospheric flux relation down to B − V = 1.6
with the spectral subtraction technique, Martínez-Arnáiz et al.
(2011) used a synthetic template photospheric spectrum obtained
by adding together spectra of nonactive stars of similar spectral
type, and measured excess surface fluxes of 298 main-sequence
stars ranging from F to M. Mittag et al. (2013) used PHOENIX
model atmospheres to update the relations of Noyes et al. (1984)
and measured R′HK for 2133 main-sequence stars. Instead of us-
ing stellar models, Suárez Mascareño et al. (2015) used HARPS
spectra of main-sequence FGKM dwarfs to derive their own R′HK
relations down to B − V ∼ 1.9, and measured R′HK for 48 late-F
to mid-M type stars. Scandariato et al. (2017) used the spec-
tral subtraction technique with BT-Settl models as photospheric
spectra for 71 early-M dwarfs and measured Ca ii H, K, and Hα.
Astudillo-Defru et al. (2017) formulated their own S-index cal-
ibration using HARPS spectra and used their own conversion
from S-index to R′HK for 403 M dwarfs. Newton et al. (2017)
found LHα/Lbol for 270 nearby M dwarfs using recomputed χHα
values of West & Hawley (2008).

The relation between Ca iiH, K, and Hα emission (or absorp-
tion) is also of much interest. Measuring the line profiles of 147
K7-M5 main-sequence stars, Rauscher & Marcy (2006) showed
that Ca ii H and K lines form at slightly different heights in the
chromosphere, and that the equivalent width of Hα only corre-
lates with Ca ii H and K high widths. They also reported a possi-
ble threshold above which the lower and upper chromospheres
become thermally coupled. Cincunegui et al. (2007) found a
clear correlation between averaged Ca ii H, K, and Hα with the
strongest correlation for stars with the strongest emission. Con-
versely, studying stars individually and at different time inter-
vals, Cincunegui et al. (2007) found no clear indication of how
Hα varies with Ca ii, with stars showing correlation, anticorella-
tion, or no correlation. Also observing individual time measure-
ments for a sample of 30 M dwarfs, Gomes da Silva et al. (2011)
found a positive correlation for the most active stars, and a ten-
dency for a low or negative correlation in the least active stars.
Walkowicz & Hawley (2009) found an initial deepening of Hα
absorption for the stars that are least active in Ca ii H and K be-

fore line filling and going into emission. Scandariato et al. (2017)
found this same nonlinear relation between Ca ii H, K, and Hα
in 71 early-M dwarfs. Maldonado et al. (2017) separated older
stars from younger and more active stars using the distinction of
two branches identified by Martínez-Arnáiz et al. (2011). They
found that the log-fluxes of Ca ii H, K, and Hα relatively fol-
low the the same linear relation for stars spectral type F to M,
which they identify as being the inactive branch, and found that
stars deviating from this tend to be more active and younger, and
thus lie on the active branch. More recently, Reiners et al. (2022)
reported relations between chromospheric Ca ii H, K, and mag-
netic flux, and also Hα emission and magnetic flux. Combining
these relations, a relation between Ca ii H, K, and Hα might be
derived.

Many calibrations for R′HK exist for the main sequence from
early-F to late-M spectral type. Very few studies have used
high S/N coadded spectra with the spectral subtraction technique
( Boro Saikia et al. (2018); Perdelwitz et al. (2021)). In fact, our
work in this paper provided the M18 template-model method and
measurements of Boro Saikia et al. (2018) (see Sec.2 and 3.2.2
of the aforementioned work). In this work, we measure Ca ii H,
K, and Hα activity with the spectral subtraction technique in a
sample of 110 M dwarfs using high S/N template spectra that
are flux-calibrated to PHOENIX stellar atmosphere models. The
main difference of this study is that instead of taking the mean
value of Ca ii H and K flux measurements, we combine all avail-
able spectra and coadd them together before the flux measure-
ment. This allows us to not just scale the Ca ii H and K mea-
surement to an absolute flux unit, but to fit the spectral energy
distribution (SED) of the calcium line to a PHOENIX stellar at-
mosphere, and similarly for Hα. We compare three different ef-
fective temperature calibrations, and investigate their effect on
Ca ii H, K, and Hα activity measurements. We extend the R′HK
calibrations to 2300 K ≤ Teff ≤ 7200 K using PHOENIX stellar
atmosphere models. We also provide a table of R′HK calibrations
in this effective temperature range for different metallicities and
surface gravities of main-sequence stars. Last, we compute the
χ values of West & Hawley (2008) for Ca ii H, K, and Hα for
different metallicities from the PHOENIX model atmospheres.

This paper is organized as follows: In Sec. 2 we briefly re-
view the definition of Ca ii H and K and Hα activity. In Sec. 3
we discuss the sample of stars, and we calibrate Teff using three
different methods. We discuss the technique of measuring Ca ii
H, K, and Hα in M dwarfs with the subtraction method, using
coadded template spectra and model photospheres. In Sec. 4 we
discuss our Ca ii H, K, and Hα measurements, provide extended
R′HK calibrations, and compare our calibrations with previous
works. In Sec. 6 we summarize our work.

2. Overview of the measurement equations

2.1. Mount Wilson S-index

The HKP-2 spectrophotometer installed at the Mount Wilson
Observatory measures the Ca ii H and K line cores with a tri-
angular 1.09 Å full width at half maximum (FWHM) bandpass
while simultaneously measuring two 20 Å wide bands; R, cen-
tered on 4001.07 Å, and V , centered on 3901.07 Å. To mimic the
response of this instrument, Duncan et al. (1991) prescribed the
following S index formula:

S = 8α
NH + NK

NR + NV
, (1)
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where NH, NK, NR, and NV are the counts in their respective
bands, and α is a proportionality constant equating measure-
ments made by the HKP-2 spectrophotometer to those made with
HKP-1; Duncan et al. (1991) adopted the value α = 2.4. The fac-
tor of 8 arises from the 8:1 duty cycle between the line core and
continuum bandpasses. Since its inception, the S-index has been
the most widely used activity indicator for FGK stars.

2.2. Chromospheric Ca II H and K ratio

To convert the dimensionless S MWO into arbitrary surface flux
FHK, Middelkoop (1982) and Rutten (1984) derived a continuum
conversion factor Ccf . The arbitrary surface flux is defined as

FHK = S MWOCcfT 4
eff10−14, (2)

and its conversion into absolute units is given by

FHK = KFHK, (3)

where FHK and K are in units of erg cm−2 s−1.

R′HK =
F ′H + F ′K

σT 4
eff

=
F ′HK

Fbol
, (4)

where F ′H = FH − FH, phot and F ′K = FK − FK, phot. Here, F ′H
and F ′K are the chromospheric fluxes, FH and FK are the surface
fluxes, and FH, phot and FK, phot are the photospheric fluxes of the
Ca iiH and K lines, respectively. From a slight rearranging, Eq. 4
can be written as

R′HK =
FHK − FHK, phot

σT 4
eff

= RHK − RHK, phot, (5)

with the surface flux ratio given by

RHK =
FHK

σT 4
eff

(6)

and the photospheric flux ratio given by

RHK, phot =
FHK, phot

σT 4
eff

. (7)

Typically, R′HK is measured through a conversion from the
Mount Wilson S-index. The method pioneered by Noyes et al.
(1984) calculates RHK using the equation

RHK = 1.34 × 10−4CcfS MWO. (8)

The quantity Ccf is a color-dependent conversion factor to re-
move the color-dependence of the S MWO, and Noyes et al. (1984)
used the Middelkoop (1982) relation,

log Ccf = 1.13(B−V)3 − 3.91(B−V)2 + 2.84(B−V)− 0.47, (9)

for 0.45 ≤ (B−V) ≤ 1.50. To calculate Rphot, Noyes et al. (1984)
used the following relation:

log Rphot,N84 = −4.898 + 1.918(B − V)2 − 2.893(B − V)3 (10)

for 0.44 ≤ (B − V) ≤ 0.82. Equation 8 and Eq. 10 are then
combined to obtain the chromospheric flux excess,

R′HK = RHK − Rphot,N84. (11)
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Fig. 1. Model G2V spectra (yellow) and model M4V spectra (red). The
flux scale of the G2V is displayed on the left, and the flux scale of the
M4V is given on the right. The blue shaded area indicates the region of
the Ca ii H and K lines.

2.3. H-alpha

Hα can be measured in a similar way to RHK in Eq. 4, but sub-
stituting Hα for Ca ii H and K. The chromospheric flux ratio of
Hα might be defined as the surface flux subtracted by the photo-
spheric flux, divided by the bolometric flux so that

F ′Hα

Fbol
=
FHα − FHα, phot

σT 4
eff

. (12)

In brief, we measure the surface flux of each line, Fline by
integrating the flux of the template spectrum, normalized to a
stellar atmosphere model, inside an integration window centered
on the line core. We measure the photospheric flux, Fline, phot,
by integrating the flux of the stellar atmosphere model, with the
same integration window centered on the line core. The bolomet-
ric flux Fbol is determined from Teff , which is needed to obtain
a proper stellar atmosphere model for a given star. We provide
more detail in Sec. 3.

3. Case study: HARPS M dwarf sample

We used high-resolution archival spectra obtained with the
HARPS spectrograph (Pepe et al. 2002) installed on ESO’s 3.6m
telescope in La Silla, Chile. The sample mainly consists of 102
targets from the HARPS GTO M dwarf sample (Bonfils et al.
2013)1. We also used data obtained for the Cool Tiny Beats
survey (Anglada-Escudé et al. 2014; Berdinas et al. 2015)2,
which adds the following four stars to the sample: GJ 160.2,
GJ 180, GJ 570B, and GJ 317. Last, the following six M dwarfs
with published planetary systems, and that are available in the
ESO HARPS public archive, were added: GJ 676A, GJ 1214,
HIP 12961, GJ 163, GJ 3634, and GJ 3740. Photometry values,
mean radial velocities, proper motions, and parallaxes were ac-
quired from SIMBAD (Wenger et al. 2000) (see Table D.1).

3.1. High S/N template spectra

We used the HARPS-TERRA software (Anglada-Escudé & But-
ler 2012) for all available spectra on all stars in the sample.
HARPS-TERRA is a sophisticated tool that matches individual

1 ESO IDs 082.C-0718 and 183.C-0437
2 ESO ID 191.C-0505
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Table 1. PHOENIX grid parameter space

Min Max Step size
Teff [K] 2300 7200 100
[Fe/H] -1.0 +1.0 0.5
log(g) 4.0 5.0 0.5

spectra to a high S/N "template spectrum" using a least-squares
fit to compute high-precision radial velocities. The high S/N tem-
plate spectrum is obtained by coadding all individual spectra of
a given star using the highest S/N spectrum as a basis spectrum.
Pixel weighting, telluric masking, and outlier filtering are all im-
plemented in the algorithm to assess and reduce systematic bi-
ases (see Sec. 2 in Anglada-Escudé & Butler (2012) for a much
more detailed explanation). Because of this technique, the tem-
plate spectrum for a star is essentially an averaged spectrum with
median clipping. For each star, we obtained a high S/N template
spectrum of each spectral order. We then used the corresponding
spectral order that contains the chromospheric line of interest as
the stellar observation spectrum.

After the initial run of HARPS-TERRA on all spectra of each
target, we ran HARPS-TERRA a second time, excluding spec-
tra that matched any of the following criteria: 1) program ID
60.A-9036(A), where spectra were acquired under nonoptimal
conditions (an engineering run), 2) spectra reduced with cross-
correlation function (CCF) masks earlier than M2 (the HARPS
DRS pipeline uses an M2 mask for all M stars), and 3) spectra
with radial velocity (RV) outliers determined by inspection. In
general, looking at the RV time-series, spurious observation dif-
ferences on the order of 1-10 km/s with respect to most observa-
tions are considered outliers. All three of the above criteria could
negatively influence the resulting template spectra in a subopti-
mal way. After the second run of HARPS-TERRA, we corrected
for the blaze function by running HARPS-TERRA a third time
with the -useblaze option and the blaze file given by the ESO
DRS BLAZE FILE keyword in the template spectrum file header.
Finally, we obtained a blaze-corrected high S/N template spec-
trum for each star.

3.2. Photospheric flux from stellar atmosphere models

To calculate photospheric fluxes, we used a grid of PHOENIX-
ACES stellar atmosphere models from the Göttingen Spectral
Library3 (Husser et al. 2013). The parameters and step sizes of
the grid are listed in Table 1. We calculated FHK, phot by setting a
1.09 Å FWHM triangular bandpass centered on the Ca ii H and
K lines and summing the flux. The triangular bandpass mimics
the response of the H and K bands of the HKP-2 Mount Wilson
spectrograph (Duncan et al. 1991) (see Sec. 2.1). To measure the
fractional chromospheric flux F ′Hα/Fbol, we used a 5.0 Å wide
rectangular bandpass centered on Hα.

3.3. Surface flux from a high S/N template spectum

For a given star, the surface flux is measured from the high
S/N template spectrum computed in Sec. 3.1. In the left panel
of Fig. 2, we plot a single HARPS observation of the Ca ii K
line of an M1.5 star. Because HARPS has a high resolution of
R ∼ 110, 000, the S/N in the region near the calcium line is low,
as shown in the figure. The right panel of Fig. 2 shows the same
line of the same star, but this time, with 47 observations coadded

3 http://phoenix.astro.physik.uni-goettingen.de/
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Fig. 2. Ca ii K line of an M1.5 star. Left: Spectrum of a single HARPS
observation. Right: Template spectrum consisting of 47 coadded spectra
of the same star.

together. This demonstrates the considerable S/N improvement
obtained by coadding spectra.

For a single chromospheric line of a given star, the entire
template order spectrum is normalized to a PHOENIX model
spectrum via a first-degree polynomial least-squares fit, namely
F (λ) = a f (λ) + b. The PHOENIX spectra were bilinearly inter-
polated to a precision of ∆Teff = 1 K and ∆[Fe/H] = 0.01 dex
using the stellar parameters chosen by the methods outlined in
Sec. 3.5 and listed in Table D.2. For the Ca ii K line, we used
order 6, for the Ca ii H line, we used order 8, and for Hα, we
used order 68. Before normalizing the template spectrum to the
PHOENIX spectrum, we converted counts into energy, shifted
the spectrum to rest wavelengths, and then transformed wave-
lengths to vacuum wavelengths. We masked the active lines, as
well as Hε at 3971.2 Å. To reduce the influence of low S/N at
the spectral order edges from the blaze function, we also masked
the outer 10% of each order. We took the sum of the line flux in
the same manner as in Sec. 3.2.

Figure 3 demonstrates this normalization of a high S/N tem-
plate spectrum of an early-M dwarf normalized to a PHOENIX
atmosphere model around the Ca ii K line. The high S/N tem-
plate spectrum consists of all available spectra coadded and flux-
calibrated to the PHOENIX model atmosphere. Similarly, Fig. 4
shows this normalization of an M dwarf with Hα in absorption,
while Fig. 5 shows another M dwarf with Hα in emission.

3.4. S-index comparison

As a sanity check, we compared the S -index values of our
sample (for their values, we refer to Boro Saikia et al. (2018)
and for the treatment of how they were calculated) with those
of Astudillo-Defru et al. (2017) in Fig. 6. Although it agrees,
the linear fit slightly overestimates the values of Astudillo-Defru
et al. (2017) compared to Boro Saikia et al. (2018) for S values
below 2,

S AD17 = 1.0487S BS18 + 0.008 (13)

3.5. Stellar parameters

For an accurate stellar atmosphere model to normalize a template
spectrum to, we must first determine a set of stellar parameters
for each star in a self-consistent manner. Here we describe the
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different calibrations we used to determine effective temperature
and how we determined metallicity.

Effective temperature For each star in the sample, we esti-
mated Teff using three different calibrations. The first and sec-
ond calibration used the combined relation of spectral type, ef-
fective temperature, mass, and radius from Kenyon & Hartmann
(1995) and Golimowski et al. (2004). This same combination of
calibrations was used by Reiners & Basri (2007), Shulyak et al.
(2011), and Reiners & Mohanty (2012). The first method sim-
ply converts spectral type into effective temperature. We denote
effective temperatures obtained from this method with Teff,SpT.
The second method uses the MKS –M? calibration of Delfosse
et al. (2000) to first obtain a mass M? from the absolute MKS

magnitude, and then uses the former relation to convertM? into
Teff . We denote effective temperatures obtained from this method
with Teff,M?

. The third method adopts Teff values obtained by
Maldonado et al. (2015) of 53 stars in the HARPS M dwarf GTO
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sample. We denote effective temperatures from this study with
Teff,M15.

Metallicity Maldonado et al. (2015) also calculated metallicities
of the same 53 targets using the pseudo-equivalent width (PEW)
technique of Neves et al. (2014), who also calculated metallic-
ities for the entire HARPS GTO M dwarf sample. Maldonado
et al. (2015) reported that their results agreed well overall with
those of Neves et al. (2014), and we therefore adopted the metal-
licities of Neves et al. (2014) for the sample completeness. Al-
though effective temperatures were also calculated, the authors
noted that their Teff values are systematically underestimated
compared with other works; therefore, we did not adopt the Teff

values of Neves et al. (2014). For two stars not listed in Neves
et al. (2014) (GJ 570B and GJ 180), we used the conversion of
MKS and V − K to [Fe/H] in Neves et al. (2012). We note that
the difference in metallicities between Neves et al. (2012) and
Maldonado et al. (2015) can be up to ∆[Fe/H] ± 0.2. However,
this difference is much smaller than the resolution of our grid of
models, ∆[Fe/H]±0.5. For stars with no MKS or V−KS measure-
ments, we assumed solar metallicity. For all stars in the sample,
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Fig. 7. Effective temperature Teff of the stellar sample using different
Teff determination methods, which are shown by different plot symbols.
Top: Effective temperature Teff as a function of absolute magnitude MKS

with metallicity [Fe/H] shown according to the color scale. Tempera-
tures of the same star are connected with a solid vertical line. Bottom:
Difference of the methods used to obtain Teff in K.

we constrained the surface gravity to log(g) = 5.0, which is a
typical value for M dwarfs. The stellar parameters we used are
listed in Table D.2.

The top panel of Fig. 7 shows Teff of the three methods we used
as a function of MKS , with their metallicity represented by color.
For Teff,SpT, we were able to calibrate 110 stars. With Teff,M?

, we
were able to calibrate 99 stars, and for Teff,M15, there are 49 stars.
Temperatures of the same star are connected with a solid vertical
line. In the lower panel of Fig. 7, we show the residuals of the
different sources of Teff . As is evident from both panels, the Teff

determined by different methods disagrees to some extent, and
this becomes much more pronounced for stars with MKS > 8.
The mean of all ∆Teff values is 176 K. For ∆Teff values with
MKS < 8, the mean difference drops to 122 K. The mean of ∆Teff

values for MKS > 8 increases to 363 K. Most of these values with
MKS > 8 belong to Teff,M?

− Teff,SpT.
We note that metallicity has an effect on the Teff determina-

tion. The largest scatter in ∆Teff is between Teff,SpT and Teff,M15.
The determination of the spectral type depends on line ratios
that are sensitive to both Teff and [Fe/H]. Moreover, Maldon-
ado et al. (2015) determined Teff simultaneously with metallicity,
However, metallicity does not have much impact when determin-
ing Teff from MKS -M?, as infrared absolute magnitudes are less
sensitive to metallicity (Delfosse et al. 2000). For Teff,M?

, since
M? is determined from a polynomial as a function of MKS , we
expect to see a clear relation between Teff and MKS . Whether

MKS actually is such a precise indicator of Teff is beyond the
context of this study. Regardless, accurate effective temperatures
of M dwarfs remain elusive; see Mann et al. (2015) and Passeg-
ger et al. (2016) for more thorough analyses of the current state
of M dwarf stellar parameter determination.

4. Results

4.1. Chromospheric Ca II H and K flux

We plot the chromospheric Ca ii H and K flux normalized to
bolometric flux, log R′HK, as a function of absolute magnitude
MKS in Fig. 8. log R′HK was calculated using the spectral sub-
traction technique outlined in Sec. 3, following Eq. 4. We esti-
mated Teff using the three different methods described in Sec. 3.5
and for each Teff , calculated log R′HK. The plot legend contains
the colors of each Teff calibration. We connect log R′HK measure-
ments of the same star but different effective temperatures with a
solid vertical line. Additionally, we plot stars with known plane-
tary systems with open symbols, and stars without known plane-
tary systems with closed symbols. Stars without Hα in emission
are plotted with a circle and stars exhibiting Hα emission with a
triangle.

4.1.1. Teff,SpT calibration

For 110 stars we have spectral type information and are able
to measure log R′HK using the spectral type to Teff conversion,
Teff,SpT. Of these stars, 13 exhibit Hα emission, and 19 have
known planetary systems. The earliest-M dwarfs with MKS < 5.8
have higher values of log R′HK, between -4.8 and -4.5. There is a
drop in the lower boundary of activity levels near MKS = 5.7,
where values range from −5.3 < log R′HK < −4.7. After this
drop, the sequence of lower-activity stars has no apparent drop,
and log R′HK stays between -5.5 and -4.9. Stars exhibiting Hα
emission tend to have much higher log R′HK values than those
that do not exhibit Hα emission. Their measured activity levels
are log R′HK > −4.7 and can be as high as log R′HK = −3.8

4.1.2. Teff,M?
calibration

For 99 stars, we have MKS measurements and can measure
log R′HK using the MKS to mass to Teff calibration Teff,M?

. Of
these stars, 13 exhibit Hα emission, and 16 have known plane-
tary systems. Unlike log R′HK measured with Teff,SpT, the lower
boundary of activity for Teff,M?

decreases with MKS . This rela-
tion is expected because in this case, Teff,M?

is calibrated using
MKS . This does not have a dramatic effect on log R′HK values un-
til MKS = 8. At higher MKS , the difference in log R′HK can be
as high as 1.3 dex, and this arises from the large differences in
Teff seen in Fig. 7. However, even though the measured values of
log R′HK using Teff,M?

are much lower, stars with Hα in emission
still have significantly higher log R′HK values than their counter-
parts.

4.1.3. Teff,M15 calibration

For 49 stars with adopted values from Maldonado et al. (2015),
we are able to measure log R′HK using Teff,M15. Of these stars,
4 exhibit Hα emission, and 9 have known planetary systems.
Similar with the other Teff calibrations, the lower level of log R′HK
decreases from -4.5 to -5.4 between 5 < MKS < 6.4. There are
only three stars with MKS & 8, and they tend to agree more with
Teff,SpT values than Teff,M?

.
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Fig. 8. Fractional chromospheric Ca ii H and K flux normalized to bolometric flux on a logarithmic scale, log R′HK, as a function of absolute
magnitude MKS . For each star, log R′HK is calculated with different Teff calibrations, each plotted with a different color. Vertical gray lines connect
different measurements of the same star. Triangles indicate stars exhibiting Hα emission. Filled symbols indicate stars without known planetary
systems, and open symbols indicate stars with known planetary systems.

We list the individual log R′HK measurements in Table D.3. The
largest differences of log R′HK values occur at the latest spectral
types where it is difficult to determine a consistent Teff using
a color, magnitude, or spectral type relation. For the entire se-
quence of stars, the mean of ∆ log R′HK is 0.17 dex. At MKS < 8,
the mean of ∆ log R′HK is only 0.10 dex, however for MKS > 8, the
mean is 0.56 dex. The star with the highest difference in log R′HK
is GJ 1002, which has ∆ log R′HK = 1.31 dex. This is because of
its wide range of Teff calibrations, with ∆Teff = 534 K.

4.2. Chromospheric H-alpha flux

In Fig. 9, we correct for the photospheric contribution and plot
the chromospheric flux ratio of Hα, F ′Hα/Fbol. This is not on a
logarithmic scale, unlike how we plot log R′HK. This is because
the sign of F ′Hα/Fbol indicates whether the line is in emission or
absorption. Values of F ′Hα/Fbol ∼ 0 indicate that Hα is filled
to the continuum. Values F ′Hα/Fbol > 0 indicate that Hα is in
emission, as in Fig. 5, while values F ′Hα/Fbol < 0 indicate that
Hα is in absorption as in Fig. 4. The plotting colors and symbols
are the same as used in Fig. 8.

For stars with Hα in absorption, F ′Hα/Fbol increases toward a
filling-in of the continuum toward larger MKS . The stars in which
Hα is in emission tend to have significantly higher F ′Hα/Fbol than
stars for which Hα is near the continuum level. We note that the
absorption of Hα stays in a relatively narrow range. Values of
F ′Hα/Fbol are −0.6 · 10−4 < F ′Hα/Fbol . 0. However, for stars in
which Hα is in emission, the range of F ′Hα/Fbol is on the order of

4 5 6 7 8 9 10
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0

1

2

3

4
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F
′ H
α
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ol

×10−4

Teff, SpT
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planet host

Fig. 9. Fractional chromospheric Hα flux, F ′Hα/Fbol, as a function of
absolute magnitude MKS . Vertical gray lines connect different measure-
ments of the same star. Triangles indicate stars exhibiting Hα emis-
sion. Filled symbols indicate stars without known planetary systems,
and open symbols indicate stars with known planetary systems. Values
> 0 indicate that Hα is in emission, and values < 0 indicate that Hα is in
absorption. Values near 0 indicate filling-in of the line to the continuum.

several 10−4. larger ∆F ′Hα/Fbol due to the different Teff calibra-
tions. Stars for which Hα is in emission also have significantly
higher values of R′HK than those in which Hα is not in emission.
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Fig. 10. Fractional chromospheric Hα flux, F ′Hα, as a function of frac-
tional chromospheric Ca ii H and K flux, F ′HK flux. Filled symbols indi-
cate stars without known planetary systems, and open symbols indicate
stars with known planetary systems. Values > 0 indicate that Hα is in
emission, and values < 0 indicate that Hα is in absorption. Values near
0 indicate filling-in of the line to the continuum.

4.3. H-alpha versus calcium II H and K flux

We plot chromospheric flux values of Hα against Ca ii H and K
in Figs. 10 and 11. Figure 10 contains flux in absolute flux units,
and therefore contains negative values of Hα that correspond to
absorption. Figure 11 shows flux on a log-scale and excludes
inactive stars with Hα in absorption. Symbols and markers are
the same as in Figures 8 and 9.

Fig. 10 shows Hα only in absoprtion (F
′

Hα . 0), and a de-
creasing trend is apparent where it goes deeper into absorp-
tion with increasing F

′

HK. The trend appears to be linear from
0.0 ≤ F

′

HK ≤ 4.0 · 10−5 erg cm−2 s−1. When Hα is in emis-
sion, the trend of F

′

Hα increases with increasing F
′

HK. This deep-
ening of the Hα line before filling-in and going into emission
was reported by Walkowicz & Hawley (2009) and Scandariato
et al. (2017). Scandariato et al. (2017) only observed a decreas-
ing trend from 0.0 ≤ F

′

HK ≤ 1.0. In Fig. 11, we overplot as a
dashed red line a linear fit that we find to be

logF
′

Hα = 0.7571 logF
′

HK + 1.6695, (14)

with R2 = 0.706.

4.4. Ca II H and K surface flux calibrations

We compared calibrations of the continuum conversion factor
Ccf (used for measuring FHK) of other studies with Ccf calibra-
tions using the PHOENIX model grid. To derive our Teff de-
pendent conversion factor Ccf , we combined Eq. 2, Eq. 3, and
S = 8α (FHK/FRV ), to arrive at

Ccf =
1014

8αK
FRV

T 4
eff

. (15)

Using values of α = 2.4 and K = 1.07 · 106 erg cm−2 s−1 (Hall
et al. 2007), we then obtained

Ccf = 4.8676 · 106 ·
FRV

T 4
eff

. (16)

The top panel of Fig. 12 shows our computed log Ccf as a
function of Teff . Different values of [Fe/H] are shown as a func-
tion of color, and different values of log(g) are plotted with dif-
ferent symbols. For Teff > 5000 K, we used log(g) values of 4.0
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Fig. 11. Fractional chromospheric Hα flux, F ′Hα, as a function of frac-
tional chromospheric Ca iiH and K flux, F ′HK flux, both on a logarithmic
scale. Filled symbols indicate stars without known planetary systems,
and open symbols indicate stars with known planetary systems. In this
plot, only stars with Hα in emission (> 0) are shown. A linear fit is
shown with a dashed red line, and a 1:1 relation is plotted as a dotted
gray line.

Table 2. log Ccf vs. Teff fifth-order polynomial fit coefficients

Parameter Value
a -2.9679E+01
b 2.6864E-02
c -1.0268E-05
d 1.9866E-09
e -1.9017E-13
f 7.1548E-18

Notes. Coefficients for calculating log Ccf as a function of Teff using the
equation log Ccf = a + bTeff + cTeff

2 + dTeff
3 + eTeff

4 + f Teff
5.

and 4.5, and for Teff ≤ 5000 K, we used log(g) values of 4.5 and
5.0. A fifth-order polynomial,

log Ccf = a + bTeff + cT 2
eff + dT 3

eff + eT 4
eff + f T 5

eff , (17)

was fit to all of the points and overplotted as a solid red line.
The coefficients of this polynomial are listed in Table 2. We pro-
vide the computed PHOENIX stellar atmosphere log Ccf values
in Table D.4 for the entire model grid.

Even for the wide range of metallicity values, the spread of
log Ccf is not too wide for Teff > 3400 K. For these higher tem-
peratures, log Ccf varies by 0.25 dex at most. At Teff < 3100 K,
metallicity begins to contribute to a larger spread of log Ccf val-
ues, around 0.5 dex. This spread of log Ccf increases to 1.4 dex
as Teff decreases to 2300 K.

The bottom panel of Fig. 12 compares the polynomial fit
in the upper panel with previously published log Ccf-Teff rela-
tions (see Sec. A for details about the relations). For the rela-
tions of the other authors, we plot the range for which the re-
lations are calibrated. Our log Ccf values agree well with those
from other studies for Teff & 4100 K to ∼ 0.1 dex. At temper-
atures cooler than 4100 K, our log Ccf values start to deviate
from those of Middelkoop (1982), Rutten (1984), Cincunegui
et al. (2007), Suárez Mascareño et al. (2015), and Astudillo-
Defru et al. (2017); our values are higher for cooler temperatures.
For temperatures cooler than Teff = 4100 K, log Ccf diverges
by more than 0.2 dex. The difference between our relation and
Cincunegui et al. (2007) increases to 0.4 dex at Teff = 3100 K,
while the difference between our relation and both Suárez Mas-
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Astudillo-Defru et al. (2017)

-10.7

-9.7

-8.7

-7.7

-6.7

-5.7

lo
g

1.
34
×

10
−

4
C

cf

-10.7

-9.7

-8.7

-7.7

-6.7

-5.7

lo
g

1.
34
×

10
−

4
C

cf

Fig. 12. Different log Ccf calibrations as a function of Teff . The approx-
imate spectral type is shown on the top axis. Top: PHOENIX stellar
atmosphere models with different [Fe/H] and log(g), where [Fe/H] is
indicated by color and log(g) indicated by symbol. The solid red line in-
dicates a fifth-order polynomial fit. Bottom: Calibrations of log Ccf from
other works where only the valid calibration region is plotted. Overplot-
ted in red is the same fifth-order polynomial fit from the top panel.

careño et al. (2015) and Astudillo-Defru et al. (2017) increases
to 0.8 dex at Teff = 3000 K. This discrepency in log Ccf might be
attributed to the use of empirical calibrations with these studies
as opposed to this work using stellar models (see Sec. 5).

As an example, when we take for the Sun B − V = 0.642
and S MWO = 0.164, the Noyes et al. (1984) calibration of RHK
will give us log RHK = −4.62. Our calibration using Eq. 17 re-
sults in log RHK = −4.60. This means that for a Sun-like star,
∆ log RHK = 0.02.

4.5. Ca II H and K photospheric flux calibrations

In the top panel of Fig. 13, we plot log RHK, phot as a function
of Teff , computed as described in Sec. 3.2. The colors and sym-
bols are assigned in the same manner as in Fig. 12. A fifth-order
polynomial fit

log RHK, phot = a + bTeff + cT 2
eff + dT 3

eff + eT 4
eff + f T 5

eff , (18)

is overplotted as a solid red line, and coefficients of this polyno-
mial are listed in Table 3. Similarly as with log Ccf , metallicity
has an effect on the spread of log RHK, phot values. The spread
increases at 4000 ≤ Teff ≤ 5100 K and Teff ≤ 3800 K. At
Teff > 5100 K, the spread of log RHK, phot values is lower than
0.2 dex. The spread increases from Teff = 5100 K to Teff =
4200 K, where it is about 0.4 dex. At Teff = 3100 K, the spread of
log RHK, phot is 0.6 dex. Here, a change in metallicity of ±0.5 dex
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Fig. 13. Different log RHK, phot as a function of Teff . The approximate
spectral type is shown on the top axis. Top: PHOENIX stellar atmo-
sphere models with different [Fe/H] and log(g), where [Fe/H] is indi-
cated by color and log(g) indicated by symbol. The solid red line indi-
cates a fifth-order polynomial fit. Bottom: Calibrations of log RHK, phot
from other works where only the valid calibration region is plotted.
Overplotted in red is the same fifth-order polynomial fit from the top
panel.

can result in a ∆ log RHK, phot ∼ 0.1 dex. At Teff < 3300 K, the
spread continually increases with lower temperatures to almost
1.6 dex at Teff = 2400 K. At Teff = 2400 K., a change in metal-
licity of ±0.5 can result in a ∆ log RHK, phot ∼ 0.5 dex. We provide
the computed PHOENIX stellar atmosphere log RHK, phot values
in Table D.4 for the entire model grid.

In the bottom panel of Fig. 13, we compare our log RHK, phot-
Teff polynomial fit with previous literature relations (see Sec. B
for details about the relations). The higher log RHK, phot values of
both Mittag et al. (2013) and our work in comparison with Noyes
et al. (1984) and Suárez Mascareño et al. (2015) are clear. The
difference between Mittag et al. (2013) and Noyes et al. (1984)
is ∼ 0.3 dex, and the difference between our work and Noyes
et al. (1984) ranges from 0.4 to 0.5 dex. The difference between
our work and Suárez Mascareño et al. (2015) can be as large as
1.3 dex at Teff = 3000 K. Our values of log RHK, phot agree very
well with those of Astudillo-Defru et al. (2017), with the largest
difference being 0.12 dex at Teff = 4800 K, and other differences
on the order of 0.1 dex at Teff = 3500 K, 3400 K, and 3100 K.

Our log RHK, phot calibration has much higher values than the
calibration used by Noyes et al. (1984). This systematic offset
was also observed by Astudillo-Defru et al. (2017), who also
used synthetic spectra to obtain an RHK, phot calibration. While
the exact reason for this offset is not known (see the discussion
in Astudillo-Defru et al. (2017)), an offset correction can be ap-
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Table 3. log RHK, phot vs. Teff fifth-order polynomial fit coefficients

Parameter Value
a -3.7550E+01
b 3.2131E-02
c -1.3177E-05
d 2.7133E-09
e -2.7466E-13
f 1.0887E-17

Notes. Coefficients for calculating log RHK, phot as a function of Teff using
the equation log RHK, phot = a + bTeff + cT 2

eff
+ dT 3

eff
+ eT 4

eff
+ f T 5

eff
.

plied to scale our log RHK, phot calibration to Noyes et al. (1984),

log Rphot,N84 = log Rphot, ours − 0.4612, (19)

where 0.4612 is the offset correction. This simple offset correc-
tion scales our log RHK, phot values to Noyes et al. (1984) values
in their valid calibration region, so that our calibration can be
used to obtain comparable results to Noyes et al. (1984), and
also to extend the calibration to later-type stars. We note that al-
though they are widely used, the Noyes et al. (1984) calibrations
are only calibrated in the range 5300 K . Teff . 6300 K.

If we take the same B − V and S MWO values as in Sec. 4.4,
the Noyes et al. (1984) calibration of RHK, phot will give us
log RHK, phot = −4.92. This will give us an activity measure-
ment of log R′HK = −4.92. Our calibration using Eq. 19 results
in log RHK, phot = −4.89, which gives us log R′HK = −4.91. Then,
for a Sun-like star, ∆ log RHK, phot = 0.03 and ∆ log R′HK = 0.01.

4.6. χ-factor

The χ-factor provides a method to convert the equivalent width
of Ca ii H and K into RHK and Hα indto FHα/Fbol in M dwarfs.
Walkowicz et al. (2004) define the χ factor as the ratio of the Hα
line continuum luminosity to bolometric luminosity, namely

χ = LHα, cont/Lbol, (20)

where LHα, cont is the luminosity of a selected continuum region
near Hα. West & Hawley (2008) extend the selection of χ values
to higher-order Balmer lines and Ca ii H and K. When multiplied
by the equivalent width of the respective line, we can obtain the
ratio of the line luminosity to the bolometric luminosity,

Lline/Lbol = χline · EWline. (21)

For both Ca ii H and K and Hα, we calculated the χ values of
West & Hawley (2008) of the PHOENIX model grid for M dwarf
Teff values and different metallicities, constraining log(g) = 5.0.
For Ca ii H and K, we used the continuum regions given by
Walkowicz & Hawley (2009), and for Hα, we used the contin-
uum regions given by West & Hawley (2008). We plot these with
the values listed in West & Hawley (2008) in Fig. 14, with Ca ii
H and K in the top panel and Hα in the lower panel. We provide
the computed χline values in Table D.5.

Similar to Fig. 12, the continuum values diverge as Teff de-
creases for different metallicities. For χCaIIHK, a metallicity of
[Fe/H] = −0.5 agrees best with West & Hawley (2008). We
note that all of our χCaIIHK values are higher for M3 and M4
spectral types. However, this difference is very small (on the or-
der of 10−7), and the error bars of West & Hawley (2008) are
much smaller than the spread of χCaIIHK by metallicity. Our χHα
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Fig. 14. Top: Continuum flux normalized to bolometric flux of Ca ii
H and K, χCaIIHK, as a function of Teff using PHOENIX stellar atmo-
spheres with log(g) = 5.0 and different metallicities. Values from West
& Hawley (2008) are plotted in gray. Bottom: Continuum flux normal-
ized to bolometric flux of Hα, χHα, as a function of Teff using PHOENIX
stellar atmospheres with log(g) = 5.0 and different metallicities. Values
from West & Hawley (2008) are plotted in gray.

values also agree well with West & Hawley (2008), especially
for [Fe/H] = 0.0. Our χHα values deviate from West & Haw-
ley (2008) at spectral types M4 and earlier. However, like with
χCaIIHK, the difference is small, on the order of 10−6.

4.7. Proxima Centauri

Proxima Centauri, or GJ 551, is the only star in this study that ex-
hibits Hα emission and is a known planet host (Anglada-Escudé
et al. 2016). This indicator of high activity is consistent with the
findings of Ribas et al. (2016), who reported that Proxima b re-
ceives ten times more far-UV flux than the current Earth.

Except for the Teff,M15 calibration of Proxima Centauri
(log R′HK = −3.92, Teff,M15 = 3555 K), we did not measure
log R′HK > −4.5 for any planet hosts. However, this particular
value may be overestimated. For example, for Proxima Centauri,
Boyajian et al. (2012) reported Teff ∼ 3050 K, and the calibra-
tion of Teff,SpT = 2900 K, which has log R′HK = −4.59. The sim-
ilarities between these two temperatures mean that log R′HK of
Proxima Centauri probably sits closer to ∼ −4.5 than ∼ −3.9.

5. Discussion

With the exception of Proxima Centauri, which exhibits Hα in
emission, the remaining known planet hosts exhibit low activ-
ity. This is expected as activity can mimic planetary signals and
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cause incorrect planet detections, so that stars with lower activity
stars are preferred for planet searches.

There is a divergence of log Ccf values between our work
and other works that begins at the start of the M dwarf sequence
near 4000 K. Middelkoop (1982), Rutten (1984), Cincunegui
et al. (2007), Suárez Mascareño et al. (2015), and Astudillo-
Defru et al. (2017) used observational data to calibrate log Ccf as
a function of B−V , while we used stellar models as a function of
Teff . The discrepency might be due to an insufficient (B−V)−Teff

relation in this region. However, our χCaIIHK values agree with
those of West & Hawley (2008), whose relations were also de-
rived from observational data. This gives us confidence that the
PHOENIX models are accurate in the continuum near the Ca ii
H and K lines, although the continuum region of χCaIIHK differs
from the region used in log Ccf .

Our log RHK, phot values remain higher than log RHK, phot val-
ues obtained using observational data (Noyes et al. 1984; Suárez
Mascareño et al. 2016). As noted by Mittag et al. (2013), this
difference arises from the integration region of the calcium line.
Our work and Mittag et al. (2013) both integrated the entire
photospheric line. The log RHK, phot relation used by Noyes et al.
(1984) is that of Hartmann et al. (1984), who only estimated the
flux outside of the line core exterior to the H1 and K1 points: they
assumed the flux of the line core to be zero. The log RHK, phot re-
lation derived by Suárez Mascareño et al. (2015) also masks the
line core: 0.7 Å for FGK stars, and 0.4 Å for M stars. For this
reason, we provide the correction factor in Eq. 19 to keep the cal-
culated R′HK values consistent with historical published measure-
ments based on Noyes et al. (1984). Moreover, although both use
PHOENIX models, our log RHK, phot values are still higher than
those of Mittag et al. (2013). One reason for this difference might
be the models that were used; Mittag et al. (2013) used mod-
els computed in non-local thermodynamic equilibrium, while we
used models computed in local thermodynamic equilibrium.

Astudillo-Defru et al. (2017) measured R′HK of 403 stars of
the HARPS M dwarf sample. They extended the technique of
Noyes et al. (1984) by calibrating their own log Ccf using 14 G
or K and M dwarf pairs and use BT-Settl models to arrive at
RHK, phot through an S-index conversion. Although we used dif-
ferent methods to arrive at the measurement of R′HK in M dwarfs,
we find our results to be consistent with Astudillo-Defru et al.
(2017). Namely, our Fig. 8 exhibits a very similar lower envelope
of R′HK values to their Fig. 10. For brighter MKS values (earlier-
M dwarf types), we find a relatively constant lower envelope
of R′HK values (see Fig. 8), while Astudillo-Defru et al. (2017)
also reported a constant lower envelope of R′HK for the higher M
dwarf masses (see their lower Fig. 10). As MKS increases and
M dwarf types move to later types, the lower envelope of R′HK
values begins to decrease. Finally, this lower envelope flattens
out again for lower masses, or later spectral types. Mittag et al.
(2013) similarly reported that the initially constant lower enve-
lope was followed by a decreasing lower envelope. We note a
key difference in our findings in that the technique used to de-
rive Teff influences the extent of the decreasing lower envelope
and then the level of the constant envelope for the lowest masses.
However, each method individually still exhibits this behavior.

Surveys that focus on determining stellar parameters (e.g.,
Maldonado et al. (2015)) would be the more reliable source of
stellar parameters if the given star were included in that survey.
Moreover, when the S-index of a given star is the sole measure-
ment and no access to any spectra is possible, then we recom-
mend the use of Eq. 17 and Eq. 18 to calculate R′HK.

6. Summary and conclusions

In this work, we have measured Ca ii H and K and Hα activity in
a large sample of HARPS M dwarf spectra using high S/N tem-
plate spectra and PHOENIX model atmospheres. We compared
three different Teff calibrations and find ∆Teff ∼ several 100 K
for mid- to late-M dwarfs. This uncertainty in Teff contributes
up to ∆ log R′HK = 1.31 dex and ∆ logF ′Hα/Fbol = 2.93 dex.
We have extended R′HK calibrations to the M dwarf regime using
PHOENIX model spectra. We compared these new R′HK calibra-
tions with previous calibrations. Our log Ccf calibration agrees
very well with previous calibrations within 0.2 dex, and extends
the calibration from 3100 K ≤ Teff ≤ 6800 K to 2300 K ≤

Teff ≤ 7200 K. Our log RHK, phot calibration overstimates the
Noyes et al. (1984) calibration by 0.46 dex. However, our cal-
ibration extends log RHK, phot to 2300 K ≤ Teff ≤ 7200 K, and a
simple offset correction can be applied to scale our log RHK, phot
to that of Noyes et al. (1984). We have provided a grid of log Ccf
and log RHK, phot values as functions of Teff , [Fe/H], and log(g).
This grid can be used to compute R′HK from S-index values us-
ing either polynomial fits to or an interpolation of the grid, and
can be further beneficial when constraints on the stellar param-
eters of the targets are established. We have calculated χCaIIHK
and χHα for −1.0 ≤ [Fe/H] ≤ +1.0 in steps of ∆[Fe/H] = 0.5
for the entire M dwarf Teff range. We find that our χ values from
PHOENIX models agree well with the χ values of West & Haw-
ley (2008).

We find that the lower boundary of log R′HK either stays con-
stant or decreases with later-M dwarfs depending on the Teff

calibration used. Because of conflicting Teff measurements to-
ward later-M dwarfs, an accurate determination of R′HK cannot
be made beyond MKS > 8. For F ′Hα/Fbol, the lower boundary of
inactive stars begins with early-M dwarfs in deeper absorption,
and fills in to the continuum towards later-M dwarfs. Stars with
known planetary systems do not exhibit unexpected or peculiar
levels of Ca ii H, K, and Hα activity in relation to stars of similar
spectral type or absolute magnitude.

Our surface flux calibration of log Ccf agrees very well with
that of Middelkoop (1982) for FGK stars, and our surface flux
calibrations of χCaIIHK and χHα also agree well with those of
West & Hawley (2008) for M stars. Our R′HK calibrations agree
very well with those of Noyes et al. (1984) to within ∆ log R′HK =
0.01 dex for the Sun. We conclude that our calibrations are a reli-
able extension to previous R′HK calibrations, provide a consistent
way to measure R′HK across spectral types early F to late M, and
allow the comparison of activity of Sun-like stars to M dwarfs.
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Appendix A: Ca II H and K surface flux calibrations

Measuring log Ccf of 85 main-sequence stars from the Vaughan
& Preston (1980) survey of the solar neighborhood, Middelkoop
(1982) fit a polynomial to log Ccf as a function of B − V ,

log Ccf,M82 = 1.13(B − V)3 − 3.91(B − V)2 + 2.84(B − V) − 0.47
(A.1)

for 0.45 ≤ (B − V) ≤ 1.50.
Rutten (1984) extended the relation further by measuring 30

additional main-sequence stars and also 27 subgiants and giants,

log Ccf,R84 = 0.25(B− V)3 − 1.33(B− V)2 + 0.43(B− V) + 0.24,
(A.2)

which is valid for main-sequence stars with 0.3 ≤ (B−V) ≤ 1.6.
Cincunegui et al. (2007) extended the calibration using 109

stars ranging from spectral type F6 to M5,

log Ccf,CDM07 = −0.33(B−V)3−0.55(B−V)2−1.41(B−V)+0.8
(A.3)

for 0.45 ≤ (B − V) ≤ 1.81. Middelkoop (1982), Rutten (1984),
and Cincunegui et al. (2007) all made use of the relation of
Noyes et al. (1984) to convert B − V into Teff .

Instead of using observational spectra, Mittag et al. (2013)
used PHOENIX stellar atmosphere models to measure FRV di-
rectly in absolute flux units,

log (FRV/19.2)MSS13 = 8.33 − 1.79(B − V), (A.4)

where 0.44 ≤ (B − V) ≤ 1.60. They transformed this to log Ccf
using

log Ccf = 8.33 − 1.79(B − V) − logα − log T 4
eff − 14, (A.5)

where α = 19.2, and used the B − V to Teff relation of Gray
(2005).

Similarly, Pérez Martínez et al. (2014) also used PHOENIX
models to derive a conversion factor

log Ccf,PMSH14 = 0.66 − 1.11(B − V) (A.6)

for 0.44 ≤ (B − V) ≤ 1.33. Pérez Martínez et al. (2014) used the
B − V to Teff tables of Schmidt-Kaler (1982) (which they also
included in their publication).

Using HARPS spectra of FGKM stars, Suárez Mascareño
et al. (2015) derived a continuum correction factor

log Ccf,SM15 = 0.668−1.270(B−V)+0.645(B−V)2−0.443(B−V)3

(A.7)

for 0.4 . (B − V) . 1.9.
Astudillo-Defru et al. (2017) empirically determine a contin-

uum correction factor,

log Ccf,AD17 = −0.203(B−V)3+0.109(B−V)2−0.972(B−V)+0.669(B−V)
(A.8)

for 0.54 ≤ (B − V) ≤ 1.9.
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Fig. C.1. Teff of Mann et al. (2015) vs Teff,SpT. The dotted line shows
the 1:1 relation.

Appendix B: Ca II H and K photospheric flux
calibrations

In their publication, Noyes et al. (1984) also provided an alterna-
tive, simpler form of Eq. 10 and obtained similar results within
the valid calibration range,

log Rphot,N84,simple = −4.02 − 1.40(B − V). (B.1)

Mittag et al. (2013), using PHOENIX stellar atmosphere
models, reported two linear dependences of log RHK, phot on B−V
with for two B − V ranges:

log Rphot,MSS13 = 7.49 − 2.06(B − V) − logFbol (B.2)

for 0.44 ≤ B − V < 1.28, and

log Rphot,MSS13 = 6.19 − 1.04(B − V) − logFbol (B.3)

for 1.28 ≤ B − V < 1.60.
Using HARPS spectra and a 0.7 Å rectangular mask of the

line core for the most inactive FGK stars and a 0.4 Å rectangu-
lar mask for the most inactive M stars, Suárez Mascareño et al.
(2015) fit a photospheric flux relation,

log Rphot,SM15 = log 1.48 · 10−4 exp−4.3658(B − V), (B.4)

for 0.4 . (B − V) . 1.9.
Astudillo-Defru et al. (2017) determined a photospheric flux

relation using a synthetic spectrum, resulting in,

log Rphot,AD17 = −0.045(B−V)3−0.026(B−V)2−1.036(B−V)−3.749(B−V)
(B.5)

for 0.54 ≤ (B − V) ≤ 1.9.

Appendix C: Effective temperature comparison with
other calibrations

In Section 3.5 we presented three different Teff calibrations that
we used as stellar parameters in this study (see Fig. 7). Here
in this appendix we present the Teff measurements of common
targets by Mann et al. (2015) to show agreement and the degree
of agreement with the different Teff calibration techniques.

Appendix D: Tables
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Fig. C.2. Teff of Mann et al. (2015) vs Teff,M? . The dotted line shows
the 1:1 relation.
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Fig. C.3. Teff of Mann et al. (2015) vs Teff,M15. The dotted line shows
the 1:1 relation.
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Table D.2. Stellar parameters

Name Teff,SpT Teff,M?
Teff,M15 [Fe/H] [Fe/H]

[K] [K] [K] source
GJ 1 3650 3546 3482 -0.45 1
GJ 1002 3070 2536 ... -0.27 1
GJ 12 3470 3333 ... -0.29 1
GJ 3049 3470 3253 ... -0.13 1
GJ 54.1 3370 2916 ... -0.38 1
L 707-74 ... 3021 ... -0.38 1
GJ 87 3520 3641 3562 -0.32 1
GJ 105B 3310 3413 ... -0.02 1
CD-44-836A 3370 3304 ... -0.07 1
CD-44-836B 3200 3183 ... ... ...
GJ 3189 3470 3113 ... -0.76 1
GJ 3193B 3470 3491 ... -0.34 1
GJ 3207 3420 ... ... ... ...
GJ 1057 3200 3074 ... -0.10 1
GJ 145 3520 3471 ... -0.28 1
GJ 1061 3070 2752 ... -0.09 1
GJ 1065 3470 3226 ... -0.23 1
GJ 1068 3310 2849 ... -0.43 1
GJ 166C 3200 3328 ... -0.12 1
GJ 176 3520 3713 3603 -0.01 1
GJ 3323 3370 3110 ... -0.24 1
GJ 3325 3470 3419 ... -0.19 1
GJ 191 3720 3423 3587 -0.85 1
GJ 203 3420 3231 ... -0.22 1
GJ 205 3650 ... 3800 0.19 1
GJ 213 3370 3301 ... -0.11 1
GJ 229 3650 ... 3779 -0.03 1
HIP 31293 3580 3615 3526 -0.05 1
HIP 31292 3470 3454 ... -0.06 1
GJ 3404A 3420 3542 ... -0.02 1
GJ 3405B 3370 3360 ... ... ...
GJ 250B 3580 3632 3557 -0.08 1
GJ 273 3420 3441 3342 -0.01 1
GJ 3459 3470 3444 ... -0.22 1
GJ 285 3310 3461 ... 0.27 1
GJ 299 3310 2942 ... -0.53 1
GJ 300 3370 3392 ... 0.13 1
GJ 2066 3580 3647 3575 -0.17 1
GJ 1123 3310 3269 ... 0.15 1
GJ 341 3850 ... 3783 -0.14 1
GJ 1125 3420 3443 ... -0.09 1
GJ 357 3520 3480 3477 -0.30 1
GJ 358 3470 3592 3450 -0.01 1
GJ 367 3720 3700 3559 -0.07 1
GJ 1129 3370 3429 ... 0.05 1
GJ 382 3580 ... 3653 0.02 1
GJ 388 3310 3576 3473 0.12 1
GJ 393 3520 3620 3544 -0.20 1
GJ 3618 3370 ... ... -0.55 1
GJ 402 3200 3385 ... 0.03 1
GJ 406 2900 2509 ... 0.19 1
GJ 413.1 3580 3655 3570 -0.10 1
GJ 433 3650 3675 3618 -0.17 1
GJ 436 3420 3624 ... ... ...
GJ 438 3850 3480 3647 -0.36 1
GJ 447 3310 3152 3382 -0.17 1
GJ 465 3580 3387 3403 -0.62 1
GJ 479 3470 3614 3476 0.01 1
GJ 3737 3310 2997 ... -0.27 1

Article number, page 18 of 26



Marvin et al.: Absolute Ca II H & K and H-alpha flux measurements of low-mass stars

Table D.2. continued.

Name Teff,SpT Teff,M?
Teff,M15 [Fe/H] [Fe/H]

[K] [K] [K] source
GJ 480.1 3470 3190 ... -0.48 1
GJ 486 3370 3472 ... 0.03 1
GJ 514 3720 3812 3728 -0.16 1
GJ 526 3370 3718 3609 -0.22 1
GJ 536 3650 3773 3685 -0.14 1
GJ 551 2900 2718 3555 0.16 1
GJ 555 3370 3432 ... 0.14 1
GJ 569A 3520 ... 3608 -0.06 1
GJ 581 3200 3454 3419 -0.20 1
GJ 588 3520 3670 3525 0.06 1
GJ 618A 3470 3548 3451 -0.06 1
GJ 628 3470 3448 3345 -0.02 1
GJ 643 3420 3293 ... -0.26 1
GJ 644A ... ... 3463 ... ...
GJ 667C 3650 3455 ... -0.50 1
GJ 674 3470 3500 3484 -0.23 1
GJ 678.1A 3720 ... 3815 -0.14 1
GJ 680 3470 3672 3585 -0.19 1
GJ 682 3420 3425 3393 0.10 1
GJ 686 3720 3629 3677 -0.35 1
GJ 693 3580 3396 3390 -0.28 1
GJ 699 3370 3055 ... -0.51 1
GJ 701 3580 3683 3664 -0.27 1
GJ 1224 3310 2967 ... -0.25 1
GJ 4071 3310 3339 ... -0.08 1
GJ 729 3470 3163 3548 -0.40 1
GJ 1232 3310 3246 ... 0.03 1
GJ 752A 3470 3692 3551 0.05 1
GJ 754 3310 3175 ... -0.14 1
GJ 1236 3470 3311 ... -0.47 1
GJ 1256 3310 3244 ... 0.06 1
GJ 803 3720 ... ... ... ...
GJ 4154 3520 3569 ... -0.22 1
LP 816-60 3370 3336 ... -0.07 1
GJ 832 3650 3631 3580 -0.17 1
GJ 846 3850 ... 3835 0.01 1
GJ 4248 3420 3349 ... -0.13 1
GJ 849 3420 3703 3486 0.22 1
GJ 1265 3370 3152 ... -0.20 1
GJ 4274 3370 3191 ... 0.10 1
GJ 876 3200 3486 3357 0.14 1
GJ 877 3470 3602 3428 0.00 1
GJ 880 3580 ... 3736 0.03 1
GJ 887 3580 3674 3712 -0.24 1
GJ 4333 3370 3558 ... 0.23 1
GJ 908 3580 3595 3570 -0.44 1
LTT 9759 ... ... 3581 0.17 1
GJ 676A 3850 ... ... 0.26 1
GJ 1214 3310 3055 ... 0.05 1
HIP 12961 3850 ... ... 0.22 1
GJ 163 3420 3571 ... 0.07 1
GJ 317 3420 3610 ... 0.22 1
GJ 570B 3650 ... ... 0.29 2
GJ 160.2 3850 ... ... ... ...
GJ 180 3580 3590 ... -0.20 2
GJ 3634 3520 3641 ... -0.07 1
GJ 3470 3650 3642 ... ... ...

References. (1) Neves et al. (2014); (2) Neves et al. (2012).
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Table D.3. Results

Name R′HK
a R′HK

a R′HK
a F ′Hα/Fbol F ′Hα/Fbol F ′Hα/Fbol(

Teff,SpT

) (
Teff,M?

) (
Teff,M15

) (
Teff,SpT

) (
Teff,M?

) (
Teff,M15

)
GJ 1 -5.46 -5.54 -5.60 -1.95e-05 -1.87e-05 -1.82e-05
GJ 1002 -5.31 -6.62 . . . -6.77e-06 -1.57e-06 . . .
GJ 12 -5.22 -5.35 . . . -1.49e-05 -1.36e-05 . . .
GJ 3049 -5.22 -5.43 . . . -1.03e-05 -8.71e-06 . . .
GJ 54.1 -4.36 -5.05 . . . 6.23e-05 2.63e-05 . . .
L 707-74 . . . -5.86 . . . . . . -1.00e-05 . . .
GJ 87 -5.28 -5.19 -5.24 -2.30e-05 -2.41e-05 -2.34e-05
GJ 105B -5.41 -5.31 . . . -1.21e-05 -1.38e-05 . . .
CD-44-836A -4.57 -4.63 . . . 5.03e-05 4.58e-05 . . .
CD-44-836B -4.76 -4.78 . . . 1.82e-04 1.77e-04 . . .
GJ 3189 -5.54 -6.13 . . . -1.52e-05 -1.41e-05 . . .
GJ 3193B -5.40 -5.38 . . . -1.53e-05 -1.54e-05 . . .
GJ 3207 . . . . . . . . . . . . . . . . . .
GJ 1057 -5.04 -5.21 . . . -1.06e-07 -3.98e-07 . . .
GJ 145 -4.92 -4.96 . . . -9.62e-06 -9.40e-06 . . .
GJ 1061 -5.17 -5.81 . . . -3.90e-06 -1.37e-06 . . .
GJ 1065 -5.16 -5.42 . . . -1.05e-05 -9.35e-06 . . .
GJ 1068 -5.32 -6.16 . . . -7.39e-06 -4.93e-06 . . .
GJ 166C -4.41 -4.28 . . . 1.40e-04 1.71e-04 . . .
GJ 176 -4.78 -4.68 -4.74 -1.59e-05 -1.78e-05 -1.69e-05
GJ 3323 -4.50 -4.80 . . . 5.19e-05 3.47e-05 . . .
GJ 3325 -5.14 -5.18 . . . -1.54e-05 -1.47e-05 . . .
GJ 191 -5.61 -5.96 -5.74 -1.91e-05 -1.93e-05 -1.92e-05
GJ 203 -5.34 -5.56 . . . -1.05e-05 -8.89e-06 . . .
GJ 205 -4.59 . . . -4.53 -2.28e-05 . . . -2.55e-05
GJ 213 -5.54 -5.62 . . . -1.30e-05 -1.19e-05 . . .
GJ 229 -4.70 . . . -4.63 -2.86e-05 . . . -3.07e-05
HIP 31293 -4.89 -4.87 -4.92 -1.46e-05 -1.49e-05 -1.41e-05
HIP 31292 -5.11 -5.12 . . . -1.44e-05 -1.42e-05 . . .
GJ 3404A -5.37 -5.28 . . . -1.38e-05 -1.60e-05 . . .
GJ 3405B -5.64 -5.65 . . . -6.29e-05 -6.22e-05 . . .
GJ 250B -4.91 -4.88 -4.92 -1.99e-05 -2.05e-05 -1.95e-05
GJ 273 -5.28 -5.26 -5.34 -1.46e-05 -1.50e-05 -1.33e-05
GJ 3459 -5.20 -5.22 . . . -1.52e-05 -1.50e-05 . . .
GJ 285 -3.83 -3.74 . . . 3.33e-04 4.06e-04 . . .
GJ 299 -5.39 -6.08 . . . -1.24e-05 -8.42e-06 . . .
GJ 300 -5.01 -4.99 . . . -6.76e-06 -6.93e-06 . . .
GJ 2066 -5.09 -5.05 -5.09 -2.22e-05 -2.34e-05 -2.22e-05
GJ 1123 -4.95 -4.98 . . . -8.16e-06 -7.66e-06 . . .
GJ 341 -4.67 . . . -4.71 -3.03e-05 . . . -2.98e-05
GJ 1125 -5.38 -5.37 . . . -1.25e-05 -1.29e-05 . . .
GJ 357 -5.53 -5.56 -5.57 -1.75e-05 -1.72e-05 -1.72e-05
GJ 358 -4.50 -4.43 -4.51 4.13e-05 4.71e-05 4.03e-05
GJ 367 -4.91 -4.92 -4.99 -2.43e-05 -2.41e-05 -2.18e-05
GJ 1129 -5.08 -5.03 . . . -1.09e-05 -1.17e-05 . . .
GJ 382 -4.63 . . . -4.60 -1.79e-05 . . . -1.87e-05
GJ 388 -4.17 -4.01 -4.06 1.42e-04 1.98e-04 1.76e-04
GJ 393 -4.99 -4.92 -4.97 -1.83e-05 -1.93e-05 -1.86e-05
GJ 3618 -5.32 . . . . . . -1.25e-05 . . . . . .
GJ 402 -5.29 -5.10 . . . -6.54e-06 -8.18e-06 . . .
GJ 406 -4.10 -4.97 . . . 1.52e-04 4.66e-05 . . .
GJ 413.1 -5.08 -5.04 -5.09 -2.30e-05 -2.42e-05 -2.29e-05
GJ 433 -5.06 -5.05 -5.08 -2.56e-05 -2.60e-05 -2.52e-05
GJ 436 -5.36 -5.23 . . . -1.62e-05 -1.95e-05 . . .
GJ 438 -5.06 -5.32 -5.19 -2.55e-05 -2.28e-05 -2.47e-05
GJ 447 -5.26 -5.45 -5.19 -9.74e-06 -8.65e-06 -1.01e-05
GJ 465 -5.80 -6.07 -6.04 -2.51e-05 -2.30e-05 -2.31e-05
GJ 479 -4.68 -4.60 -4.68 5.42e-06 7.00e-06 5.47e-06
GJ 3737 -5.40 -5.92 . . . -1.07e-05 -7.74e-06 . . .
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Table D.3. continued.

Name R′HK
a R′HK

a R′HK
a F ′Hα/Fbol F ′Hα/Fbol F ′Hα/Fbol(

Teff,SpT

) (
Teff,M?

) (
Teff,M15

) (
Teff,SpT

) (
Teff,M?

) (
Teff,M15

)
GJ 480.1 -5.17 -5.52 . . . -1.28e-05 -1.19e-05 . . .
GJ 486 -5.47 -5.38 . . . -1.16e-05 -1.29e-05 . . .
GJ 514 -4.86 -4.82 -4.86 -3.10e-05 -3.20e-05 -3.11e-05
GJ 526 -5.28 -5.03 -5.09 -2.27e-05 -2.86e-05 -2.72e-05
GJ 536 -4.88 -4.82 -4.86 -3.00e-05 -3.17e-05 -3.05e-05
GJ 551 -4.59 -5.01 -3.92 4.34e-05 2.39e-05 1.41e-04
GJ 555 -5.23 -5.19 . . . -7.31e-06 -7.81e-06 . . .
GJ 569A -4.27 . . . -4.22 5.44e-05 . . . 5.98e-05
GJ 581 -5.96 -5.61 -5.64 -1.10e-05 -1.29e-05 -1.26e-05
GJ 588 -5.07 -5.00 -5.06 -1.71e-05 -1.92e-05 -1.72e-05
GJ 618A -5.23 -5.18 -5.25 -1.93e-05 -2.08e-05 -1.89e-05
GJ 628 -5.27 -5.29 -5.37 -1.28e-05 -1.25e-05 -1.12e-05
GJ 643 -5.43 -5.57 . . . -1.20e-05 -1.13e-05 . . .
GJ 667C -5.33 -5.50 . . . -2.00e-05 -1.89e-05 . . .
GJ 674 -4.84 -4.82 -4.83 4.42e-06 4.69e-06 4.55e-06
GJ 678.1A -4.76 . . . -4.71 -3.07e-05 . . . -3.18e-05
GJ 680 -5.12 -5.00 -5.05 -2.30e-05 -2.63e-05 -2.51e-05
GJ 682 -5.17 -5.16 -5.18 -9.35e-06 -9.41e-06 -9.01e-06
GJ 686 -5.14 -5.19 -5.16 -2.60e-05 -2.53e-05 -2.57e-05
GJ 693 -5.47 -5.63 -5.64 -1.61e-05 -1.45e-05 -1.44e-05
GJ 699 -5.56 -6.12 . . . -1.35e-05 -1.20e-05 . . .
GJ 701 -5.00 -4.94 -4.95 -2.81e-05 -2.98e-05 -2.96e-05
GJ 1224 -4.20 -4.67 . . . 1.99e-04 1.03e-04 . . .
GJ 4071 -4.22 -4.19 . . . 1.86e-04 1.94e-04 . . .
GJ 729 -4.17 -4.50 -4.10 1.51e-04 1.02e-04 1.61e-04
GJ 1232 -5.15 -5.21 . . . -5.02e-06 -4.75e-06 . . .
GJ 752A -5.01 -4.90 -4.96 -1.60e-05 -1.93e-05 -1.74e-05
GJ 754 -5.26 -5.43 . . . -9.27e-06 -8.22e-06 . . .
GJ 1236 -5.24 -5.42 . . . -1.30e-05 -1.24e-05 . . .
GJ 1256 -4.82 -4.89 . . . 7.36e-06 6.56e-06 . . .
GJ 803 . . . . . . . . . . . . . . . . . .
GJ 4154 -5.04 -5.01 . . . -1.29e-05 -1.31e-05 . . .
LP 816-60 -5.08 -5.11 . . . -8.99e-06 -8.72e-06 . . .
GJ 832 -5.10 -5.11 -5.14 -2.55e-05 -2.52e-05 -2.43e-05
GJ 846 -4.56 . . . -4.56 -3.18e-05 . . . -3.17e-05
GJ 4248 -5.26 -5.32 . . . -1.30e-05 -1.22e-05 . . .
GJ 849 -5.10 -4.98 -5.06 -1.73e-05 -2.32e-05 -1.87e-05
GJ 1265 -5.19 -5.45 . . . -6.82e-06 -6.03e-06 . . .
GJ 4274 -4.27 -4.43 . . . 1.85e-04 1.41e-04 . . .
GJ 876 -5.40 -5.15 -5.23 -7.74e-06 -1.14e-05 -9.78e-06
GJ 877 -5.21 -5.14 -5.24 -1.65e-05 -1.92e-05 -1.57e-05
GJ 880 -4.77 . . . -4.69 -2.74e-05 . . . -3.06e-05
GJ 887 -4.91 -4.85 -4.83 -2.56e-05 -2.70e-05 -2.75e-05
GJ 4333 -5.01 -4.91 . . . -5.48e-06 -6.58e-06 . . .
GJ 908 -5.39 -5.37 -5.39 -2.45e-05 -2.46e-05 -2.44e-05
LTT 9759 . . . . . . -4.77 . . . . . . -1.97e-05
GJ 676A -4.67 . . . . . . -3.66e-05 . . . . . .
GJ 1214 -5.07 -5.39 . . . -9.69e-06 -6.01e-06 . . .
HIP 12961 -4.56 . . . . . . -3.69e-05 . . . . . .
GJ 163 -5.29 -5.20 . . . -1.59e-05 -1.92e-05 . . .
GJ 317 -5.05 -4.96 . . . -9.09e-06 -1.19e-05 . . .
GJ 570B -4.79 . . . . . . -2.39e-05 . . . . . .
GJ 160.2 -4.93 . . . . . . -5.73e-05 . . . . . .
GJ 180 -5.11 -5.11 . . . -2.00e-05 -2.01e-05 . . .
GJ 3634 -5.06 -4.99 . . . -2.23e-05 -2.44e-05 . . .
GJ 3470 -4.72 -4.73 . . . -2.03e-05 -2.02e-05 . . .

Notes. (a) Values are on a log scale.
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Table D.4. PHOENIX-ACES grid calibrations

[Fe/H] -1.00 -0.50 0.00 +0.50 +1.00
Teff log g log log log log log log log log log log
[K] Ccf RHK, phot Ccf RHK, phot Ccf RHK, phot Ccf RHK, phot Ccf RHK, phot

2300 4.0 -2.95 -7.63 -2.65 -7.27 -2.34 -6.86 -2.13 -6.50 -2.00 -6.26
2400 4.0 -2.68 -7.34 -2.40 -6.97 -2.14 -6.61 -1.96 -6.31 -1.86 -6.13
2500 4.0 -2.42 -7.04 -2.17 -6.69 -1.96 -6.40 -1.81 -6.16 -1.73 -6.03
2600 4.0 -2.26 -6.82 -2.01 -6.52 -1.80 -6.24 -1.67 -6.06 -1.61 -5.96
2700 4.0 -2.04 -6.61 -1.83 -6.34 -1.66 -6.12 -1.55 -5.98 -1.50 -5.91
2800 4.0 -1.86 -6.43 -1.68 -6.21 -1.53 -6.02 -1.44 -5.92 -1.40 -5.88
2900 4.0 -1.69 -6.30 -1.54 -6.10 -1.42 -5.96 -1.34 -5.89 -1.31 -5.87
3000 4.0 -1.55 -6.19 -1.42 -6.03 -1.31 -5.92 -1.24 -5.88 -1.24 -5.88
3100 4.0 -1.42 -6.11 -1.31 -5.99 -1.22 -5.91 -1.17 -5.89 -1.17 -5.90
3200 4.0 -1.30 -6.05 -1.21 -5.96 -1.14 -5.92 -1.10 -5.91 -1.12 -5.93
3300 4.0 -1.20 -6.01 -1.13 -5.96 -1.07 -5.94 -1.05 -5.95 -1.06 -5.98
3400 4.0 -1.10 -5.97 -1.06 -5.93 -1.02 -5.95 -1.00 -5.99 -1.01 -6.02
3500 4.0 -1.01 -5.92 -0.99 -5.88 -0.97 -5.91 -0.97 -5.99 -0.99 -6.04
3600 4.0 -0.93 -5.85 -0.93 -5.82 -0.94 -5.86 -0.94 -5.95 -0.96 -6.01
3700 4.0 -0.86 -5.74 -0.88 -5.77 -0.90 -5.81 -0.91 -5.88 -0.92 -5.96
3800 4.0 -0.79 -5.62 -0.82 -5.73 -0.85 -5.78 -0.87 -5.82 -0.89 -5.85
3900 4.0 -0.72 -5.54 -0.76 -5.70 -0.80 -5.74 -0.83 -5.77 -0.85 -5.79
4000 4.0 -0.65 -5.46 -0.70 -5.66 -0.74 -5.72 -0.78 -5.75 -0.82 -5.75
4100 4.0 -0.58 -5.45 -0.63 -5.63 -0.68 -5.69 -0.73 -5.72 -0.78 -5.73
4200 4.0 -0.51 -5.40 -0.56 -5.60 -0.61 -5.67 -0.67 -5.70 -0.73 -5.72
4300 4.0 -0.44 -5.38 -0.48 -5.54 -0.55 -5.63 -0.61 -5.69 -0.68 -5.71
4400 4.0 -0.37 -5.30 -0.42 -5.46 -0.48 -5.58 -0.55 -5.66 -0.63 -5.70
4500 4.0 -0.31 -5.21 -0.35 -5.38 -0.42 -5.51 -0.49 -5.62 -0.58 -5.68
4600 4.0 -0.26 -5.13 -0.30 -5.29 -0.36 -5.44 -0.43 -5.55 -0.52 -5.65
4700 4.0 -0.21 -5.05 -0.25 -5.22 -0.30 -5.36 -0.38 -5.48 -0.46 -5.61
4800 4.0 -0.17 -4.98 -0.20 -5.14 -0.25 -5.28 -0.32 -5.40 -0.41 -5.55
4900 4.0 -0.12 -4.91 -0.16 -5.06 -0.21 -5.19 -0.27 -5.31 -0.37 -5.47
5000 4.0 -0.08 -4.82 -0.11 -4.99 -0.16 -5.11 -0.23 -5.23 -0.31 -5.41
5100 4.0 -0.06 -4.62 -0.09 -4.71 -0.13 -4.75 -0.19 -4.76 -0.27 -4.76
5200 4.0 -0.03 -4.59 -0.05 -4.63 -0.09 -4.70 -0.15 -4.70 -0.23 -4.67
5300 4.0 0.00 -4.53 -0.02 -4.60 -0.05 -4.64 -0.11 -4.65 -0.18 -4.62
5400 4.0 0.03 -4.49 0.02 -4.55 -0.02 -4.60 -0.07 -4.60 -0.14 -4.57
5500 4.0 0.06 -4.45 0.04 -4.51 0.01 -4.55 -0.03 -4.55 -0.11 -4.52
5600 4.0 0.08 -4.42 0.06 -4.48 0.05 -4.51 -0.02 -4.52 -0.09 -4.50
5700 4.0 0.11 -4.38 0.10 -4.44 0.07 -4.47 0.01 -4.47 -0.05 -4.46
5800 4.0 0.13 -4.35 0.11 -4.41 0.10 -4.44 0.05 -4.44 -0.02 -4.42
5900 4.0 0.15 -4.32 0.14 -4.38 0.12 -4.41 0.07 -4.41 0.01 -4.40
6000 4.0 0.17 -4.28 0.15 -4.34 0.15 -4.38 0.10 -4.38 0.04 -4.35
6100 4.0 0.19 -4.25 0.17 -4.32 0.16 -4.36 0.13 -4.35 0.06 -4.33
6200 4.0 0.21 -4.22 0.21 -4.29 0.19 -4.33 0.15 -4.33 0.10 -4.30
6300 4.0 0.22 -4.18 0.23 -4.26 0.21 -4.30 0.18 -4.30 0.12 -4.28
6400 4.0 0.25 -4.16 0.24 -4.23 0.23 -4.27 0.19 -4.28 0.15 -4.25
6500 4.0 0.26 -4.13 0.26 -4.19 0.25 -4.25 0.22 -4.26 0.17 -4.23
6600 4.0 0.28 -4.09 0.27 -4.16 0.26 -4.21 0.24 -4.23 0.19 -4.21
6700 4.0 0.29 -4.06 0.29 -4.13 0.28 -4.19 0.25 -4.20 0.21 -4.19
6800 4.0 0.30 -4.03 0.30 -4.10 0.29 -4.16 0.27 -4.18 0.22 -4.17
6900 4.0 0.31 -3.99 0.31 -4.06 0.30 -4.13 0.29 -4.15 0.23 -4.15
7000 4.0 0.32 -3.96 0.32 -4.03 0.32 -4.10 0.30 -4.12 0.25 -4.13
7200 4.0 0.34 -3.89 0.34 -3.97 0.34 -4.03 0.33 -4.06 0.29 -4.07
2300 4.5 -3.26 -7.86 -2.92 -7.53 -2.56 -7.15 -2.27 -6.73 -2.08 -6.41
2400 4.5 -2.94 -7.60 -2.65 -7.28 -2.33 -6.89 -2.08 -6.50 -1.92 -6.22
2500 4.5 -2.66 -7.32 -2.40 -6.99 -2.13 -6.64 -1.91 -6.29 -1.78 -6.07
2600 4.5 -2.50 -7.04 -2.15 -6.70 -1.94 -6.42 -1.76 -6.13 -1.65 -5.96
2700 4.5 -2.26 -6.80 -2.01 -6.54 -1.78 -6.23 -1.62 -6.01 -1.53 -5.87
2800 4.5 -2.04 -6.58 -1.82 -6.34 -1.63 -6.09 -1.49 -5.92 -1.42 -5.81
2900 4.5 -1.84 -6.42 -1.66 -6.20 -1.50 -5.99 -1.38 -5.85 -1.31 -5.77
3000 4.5 -1.67 -6.28 -1.51 -6.08 -1.37 -5.91 -1.28 -5.80 -1.22 -5.75
3100 4.5 -1.52 -6.16 -1.39 -5.99 -1.27 -5.86 -1.19 -5.78 -1.15 -5.75
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Table D.4. continued.

[Fe/H] -1.00 -0.50 0.00 +0.50 +1.00
Teff log g log log log log log log log log log log
[K] Ccf RHK, phot Ccf RHK, phot Ccf RHK, phot Ccf RHK, phot Ccf RHK, phot

3200 4.5 -1.38 -6.06 -1.28 -5.93 -1.18 -5.83 -1.11 -5.77 -1.08 -5.76
3300 4.5 -1.26 -5.99 -1.18 -5.88 -1.10 -5.82 -1.04 -5.79 -1.03 -5.79
3400 4.5 -1.15 -5.93 -1.09 -5.84 -1.03 -5.81 -0.99 -5.82 -0.98 -5.83
3500 4.5 -1.05 -5.87 -1.01 -5.79 -0.97 -5.78 -0.95 -5.82 -0.94 -5.86
3600 4.5 -0.96 -5.79 -0.94 -5.73 -0.92 -5.73 -0.91 -5.79 -0.91 -5.86
3700 4.5 -0.87 -5.67 -0.88 -5.66 -0.88 -5.67 -0.88 -5.74 -0.88 -5.83
3800 4.5 -0.80 -5.52 -0.82 -5.59 -0.83 -5.63 -0.84 -5.69 -0.85 -5.74
3900 4.5 -0.72 -5.40 -0.75 -5.54 -0.79 -5.59 -0.81 -5.65 -0.82 -5.67
4000 4.5 -0.65 -5.28 -0.70 -5.49 -0.74 -5.57 -0.77 -5.61 -0.79 -5.62
4100 4.5 -0.59 -5.21 -0.64 -5.45 -0.68 -5.56 -0.72 -5.58 -0.75 -5.59
4200 4.5 -0.52 -5.22 -0.57 -5.42 -0.63 -5.53 -0.67 -5.57 -0.71 -5.57
4300 4.5 -0.46 -5.18 -0.51 -5.40 -0.56 -5.51 -0.62 -5.55 -0.67 -5.56
4400 4.5 -0.40 -5.17 -0.44 -5.35 -0.50 -5.46 -0.56 -5.52 -0.62 -5.55
4500 4.5 -0.33 -5.11 -0.38 -5.28 -0.43 -5.40 -0.50 -5.48 -0.57 -5.53
4600 4.5 -0.28 -5.06 -0.32 -5.20 -0.37 -5.34 -0.44 -5.43 -0.51 -5.51
4700 4.5 -0.22 -4.95 -0.26 -5.12 -0.31 -5.26 -0.38 -5.37 -0.46 -5.46
4800 4.5 -0.18 -4.92 -0.21 -5.06 -0.27 -5.19 -0.33 -5.30 -0.41 -5.42
4900 4.5 -0.13 -4.85 -0.17 -4.99 -0.22 -5.12 -0.28 -5.22 -0.35 -5.34
5000 4.5 -0.09 -4.78 -0.12 -4.93 -0.17 -5.04 -0.23 -5.15 -0.30 -5.27
5100 4.5 -0.08 -4.62 -0.10 -4.71 -0.14 -4.76 -0.20 -4.77 -0.27 -4.76
5200 4.5 -0.04 -4.57 -0.07 -4.64 -0.10 -4.70 -0.16 -4.72 -0.23 -4.70
5300 4.5 -0.01 -4.55 -0.03 -4.59 -0.06 -4.65 -0.11 -4.66 -0.18 -4.64
5400 4.5 0.02 -4.48 -0.00 -4.55 -0.03 -4.60 -0.10 -4.63 -0.14 -4.59
5500 4.5 0.04 -4.44 0.03 -4.50 0.00 -4.55 -0.04 -4.55 -0.10 -4.54
5600 4.5 0.06 -4.40 0.05 -4.47 0.03 -4.51 -0.01 -4.51 -0.10 -4.52
5700 4.5 0.09 -4.37 0.08 -4.43 0.06 -4.47 0.01 -4.49 -0.06 -4.48
5800 4.5 0.11 -4.34 0.10 -4.40 0.09 -4.44 0.05 -4.45 -0.02 -4.45
5900 4.5 0.14 -4.31 0.12 -4.38 0.10 -4.42 0.07 -4.42 0.01 -4.40
6000 4.5 0.16 -4.28 0.15 -4.35 0.13 -4.38 0.09 -4.39 0.04 -4.37
6100 4.5 0.18 -4.25 0.17 -4.32 0.16 -4.36 0.12 -4.37 0.07 -4.34
6200 4.5 0.20 -4.22 0.19 -4.29 0.18 -4.33 0.14 -4.34 0.09 -4.31
6300 4.5 0.22 -4.19 0.21 -4.26 0.19 -4.31 0.17 -4.31 0.12 -4.29
6400 4.5 0.23 -4.17 0.23 -4.23 0.22 -4.27 0.18 -4.29 0.14 -4.27
6500 4.5 0.24 -4.14 0.24 -4.20 0.23 -4.25 0.21 -4.26 0.16 -4.24
6600 4.5 0.26 -4.11 0.25 -4.17 0.25 -4.22 0.22 -4.24 0.18 -4.22
6700 4.5 0.27 -4.08 0.27 -4.14 0.26 -4.20 0.24 -4.22 0.20 -4.20
6800 4.5 0.28 -4.05 0.28 -4.11 0.28 -4.17 0.26 -4.19 0.22 -4.18
6900 4.5 0.29 -4.02 0.29 -4.08 0.29 -4.14 0.27 -4.17 0.24 -4.16
7000 4.5 0.30 -3.99 0.30 -4.06 0.30 -4.11 0.29 -4.14 0.26 -4.14
7200 4.5 0.31 -3.93 0.32 -4.00 0.32 -4.06 0.31 -4.09 0.28 -4.10
2300 5.0 -3.49 -7.96 -3.23 -7.69 -2.83 -7.36 -2.46 -6.96 -2.21 -6.61
2400 5.0 -3.29 -7.80 -2.99 -7.54 -2.58 -7.19 -2.26 -6.76 -2.04 -6.41
2500 5.0 -3.04 -7.55 -2.68 -7.29 -2.35 -6.93 -2.06 -6.52 -1.88 -6.22
2600 5.0 -2.78 -7.27 -2.41 -7.02 -2.14 -6.67 -1.88 -6.31 -1.73 -6.05
2700 5.0 -2.53 -7.01 -2.25 -6.76 -1.94 -6.46 -1.73 -6.13 -1.59 -5.92
2800 5.0 -2.28 -6.75 -2.03 -6.54 -1.77 -6.25 -1.59 -5.99 -1.47 -5.82
2900 5.0 -2.05 -6.56 -1.83 -6.34 -1.62 -6.09 -1.46 -5.88 -1.36 -5.75
3000 5.0 -1.84 -6.40 -1.65 -6.19 -1.48 -5.97 -1.34 -5.80 -1.25 -5.69
3100 5.0 -1.65 -6.25 -1.50 -6.06 -1.35 -5.88 -1.24 -5.74 -1.16 -5.66
3200 5.0 -1.49 -6.13 -1.37 -5.96 -1.24 -5.81 -1.15 -5.70 -1.09 -5.64
3300 5.0 -1.34 -6.02 -1.25 -5.88 -1.15 -5.76 -1.07 -5.69 -1.02 -5.65
3400 5.0 -1.22 -5.93 -1.15 -5.81 -1.07 -5.73 -1.00 -5.69 -0.97 -5.67
3500 5.0 -1.10 -5.85 -1.05 -5.75 -1.00 -5.69 -0.95 -5.68 -0.92 -5.69
3600 5.0 -1.00 -5.77 -0.97 -5.68 -0.93 -5.63 -0.90 -5.65 -0.88 -5.70
3700 5.0 -0.91 -5.65 -0.90 -5.60 -0.88 -5.57 -0.86 -5.60 -0.85 -5.68
3800 5.0 -0.82 -5.50 -0.82 -5.53 -0.83 -5.52 -0.82 -5.56 -0.82 -5.63
3900 5.0 -0.74 -5.32 -0.76 -5.43 -0.78 -5.48 -0.79 -5.53 -0.79 -5.58
4000 5.0 -0.67 -5.18 -0.69 -5.35 -0.73 -5.44 -0.75 -5.50 -0.76 -5.52
4100 5.0 -0.60 -5.07 -0.64 -5.32 -0.68 -5.41 -0.71 -5.47 -0.73 -5.48
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Table D.4. continued.

[Fe/H] -1.00 -0.50 0.00 +0.50 +1.00
Teff log g log log log log log log log log log log
[K] Ccf RHK, phot Ccf RHK, phot Ccf RHK, phot Ccf RHK, phot Ccf RHK, phot

4200 5.0 -0.54 -5.01 -0.58 -5.27 -0.63 -5.39 -0.67 -5.46 -0.70 -5.45
4300 5.0 -0.47 -5.00 -0.52 -5.24 -0.58 -5.38 -0.63 -5.41 -0.66 -5.42
4400 5.0 -0.42 -4.98 -0.46 -5.23 -0.52 -5.33 -0.58 -5.38 -0.62 -5.41
4500 5.0 -0.36 -4.95 -0.40 -5.13 -0.46 -5.32 -0.52 -5.38 -0.58 -5.40
4600 5.0 -0.30 -4.95 -0.35 -5.14 -0.40 -5.26 -0.46 -5.33 -0.52 -5.38
4700 5.0 -0.25 -4.89 -0.29 -5.07 -0.34 -5.19 -0.40 -5.27 -0.47 -5.34
4800 5.0 -0.20 -4.85 -0.24 -5.00 -0.28 -5.12 -0.35 -5.21 -0.42 -5.29
4900 5.0 -0.15 -4.81 -0.19 -4.94 -0.24 -5.05 -0.29 -5.15 -0.36 -5.24
5000 5.0 -0.11 -4.74 -0.14 -4.88 -0.19 -4.99 -0.25 -5.08 -0.31 -5.18
5100 5.0 -0.09 -4.61 -0.12 -4.70 -0.16 -4.78 -0.22 -4.80 -0.28 -4.79
5200 5.0 -0.06 -4.55 -0.08 -4.64 -0.12 -4.72 -0.17 -4.73 -0.24 -4.73
5300 5.0 -0.03 -4.51 -0.05 -4.59 -0.08 -4.66 -0.13 -4.67 -0.20 -4.68
5400 5.0 0.00 -4.46 -0.02 -4.54 -0.04 -4.60 -0.09 -4.62 -0.15 -4.62
5500 5.0 0.03 -4.43 0.02 -4.50 -0.01 -4.56 -0.06 -4.58 -0.12 -4.57
5600 5.0 0.05 -4.39 0.03 -4.46 0.02 -4.52 -0.04 -4.55 -0.10 -4.55
5700 5.0 0.07 -4.35 0.06 -4.43 0.05 -4.48 -0.01 -4.50 -0.07 -4.49
5800 5.0 0.10 -4.32 0.09 -4.39 0.07 -4.44 0.02 -4.47 -0.04 -4.45
5900 5.0 0.12 -4.29 0.11 -4.36 0.10 -4.41 0.05 -4.43 -0.00 -4.42
6000 5.0 0.14 -4.26 0.13 -4.33 0.12 -4.38 0.08 -4.40 0.03 -4.38
6100 5.0 0.16 -4.24 0.15 -4.30 0.14 -4.35 0.10 -4.36 0.06 -4.35
6200 5.0 0.18 -4.21 0.18 -4.27 0.16 -4.33 0.13 -4.34 0.08 -4.33
6300 5.0 0.20 -4.18 0.19 -4.25 0.18 -4.29 0.15 -4.31 0.10 -4.30
6400 5.0 0.21 -4.16 0.21 -4.23 0.20 -4.27 0.17 -4.29 0.13 -4.27
6500 5.0 0.23 -4.13 0.23 -4.20 0.22 -4.25 0.19 -4.27 0.15 -4.25
6600 5.0 0.24 -4.12 0.24 -4.17 0.23 -4.22 0.21 -4.24 0.17 -4.23
6700 5.0 0.25 -4.09 0.25 -4.15 0.25 -4.20 0.23 -4.22 0.19 -4.21
6800 5.0 0.26 -4.07 0.26 -4.12 0.26 -4.17 0.24 -4.20 0.21 -4.19
6900 5.0 0.27 -4.04 0.28 -4.10 0.27 -4.15 0.26 -4.18 0.23 -4.17
7000 5.0 0.28 -4.02 0.28 -4.07 0.29 -4.12 0.27 -4.16 0.24 -4.15
7200 5.0 0.30 -3.97 0.30 -4.02 0.30 -4.07 0.30 -4.11 0.27 -4.11
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Table D.5. Chi values of PHOENIX model atmospheres

Teff [Fe/H] χCaIIHK χHα
[K] ×10−4 ×10−4

2300 -1.0 0.000551 0.202107
2400 -1.0 0.000788 0.192654
2500 -1.0 0.001321 0.257018
2600 -1.0 0.002428 0.374069
2700 -1.0 0.004713 0.573781
2800 -1.0 0.009718 0.857325
2900 -1.0 0.018792 1.180935
3000 -1.0 0.034808 1.526253
3100 -1.0 0.060607 1.872651
3200 -1.0 0.096861 2.212708
3300 -1.0 0.143898 2.551446
3400 -1.0 0.200437 2.881837
3500 -1.0 0.266487 3.204793
3600 -1.0 0.344311 3.524350
3700 -1.0 0.437417 3.839320
3800 -1.0 0.549425 4.150202
3900 -1.0 0.683523 4.462624
4000 -1.0 0.827883 4.754775
4100 -1.0 0.987884 5.042933
4200 -1.0 1.146199 5.301651
4300 -1.0 1.322262 5.590931
2300 -0.5 0.000998 0.171112
2400 -0.5 0.001491 0.157325
2500 -0.5 0.002967 0.216378
2600 -0.5 0.005836 0.330543
2700 -0.5 0.009153 0.403176
2800 -0.5 0.017915 0.628417
2900 -0.5 0.034500 0.940191
3000 -0.5 0.059440 1.295086
3100 -0.5 0.094095 1.678432
3200 -0.5 0.137106 2.056224
3300 -0.5 0.187938 2.429038
3400 -0.5 0.244146 2.784152
3500 -0.5 0.306810 3.129856
3600 -0.5 0.375939 3.460377
3700 -0.5 0.452755 3.778883
3800 -0.5 0.542023 4.091369
3900 -0.5 0.638553 4.381635
4000 -0.5 0.750407 4.663454
4100 -0.5 0.869224 4.931749
4200 -0.5 0.993874 5.173299
4300 -0.0 1.141496 5.448736
2300 0.0 0.002397 0.188068
2400 0.0 0.003729 0.203213
2500 0.0 0.006476 0.186438
2600 0.0 0.011695 0.244792
2700 0.0 0.021565 0.362157
2800 0.0 0.038689 0.555819
2900 0.0 0.064316 0.808300
3000 0.0 0.099613 1.106536
3100 0.0 0.141954 1.432723
3200 0.0 0.191728 1.779128
3300 0.0 0.245980 2.132738
3400 0.0 0.300718 2.478126
3500 0.0 0.356153 2.833188
3600 0.0 0.411375 3.182271
3700 0.0 0.467986 3.522503
3800 0.0 0.526894 3.854023
3900 0.0 0.591553 4.162256
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Table D.5. continued.

Teff [Fe/H] χCaIIHK χHα
[K] ×10−4 ×10−4

4000 0.0 0.661128 4.451381
4100 0.0 0.739789 4.728403
4200 0.0 0.826032 4.978128
4300 0.0 0.933288 5.260589
2300 +0.5 0.006413 0.238301
2400 +0.5 0.010061 0.260112
2500 +0.5 0.016492 0.247500
2600 +0.5 0.027800 0.292038
2700 +0.5 0.044263 0.407142
2800 +0.5 0.068607 0.575496
2900 +0.5 0.102022 0.786998
3000 +0.5 0.143249 1.020113
3100 +0.5 0.191720 1.265885
3200 +0.5 0.244465 1.513235
3300 +0.5 0.298218 1.760222
3400 +0.5 0.349878 2.011364
3500 +0.5 0.397360 2.282790
3600 +0.5 0.439667 2.586420
3700 +0.5 0.478450 2.923161
3800 +0.5 0.514756 3.277294
3900 +0.5 0.550537 3.628710
4000 +0.5 0.588930 3.979705
4100 +0.5 0.639626 4.358765
4200 +0.5 0.700250 4.708474
4300 +0.5 0.782585 5.064212
2300 +1.0 0.014411 0.333220
2400 +1.0 0.021711 0.338989
2500 +1.0 0.032464 0.340200
2600 +1.0 0.048820 0.374320
2700 +1.0 0.070960 0.481655
2800 +1.0 0.100049 0.628507
2900 +1.0 0.136855 0.803741
3000 +1.0 0.180487 0.983418
3100 +1.0 0.229947 1.156046
3200 +1.0 0.280350 1.308436
3300 +1.0 0.329080 1.442195
3400 +1.0 0.372528 1.561571
3500 +1.0 0.410402 1.683466
3600 +1.0 0.443302 1.836109
3700 +1.0 0.470929 2.065178
3800 +1.0 0.497274 2.413894
3900 +1.0 0.529802 2.873790
4000 +1.0 0.564174 3.366484
4100 +1.0 0.601777 3.868406
4200 +1.0 0.655195 4.370432
4300 +1.0 0.718588 4.824441
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