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Abstract
A relationship between chromospheric activity and age is calibrated for FGK dwarf stars using GALEX FUV magnitudes and
Gaia (GBP −G) colors. Such a calibration between GALEX FUV magnitudes and stellar age has utility in population studies
of dwarfs for further understanding of the chemical evolution of the Milky Way. As an illustration of one such application we
have investigated a population of Sun-like, solar neighborhood stars for their metallicities and velocity dispersions; a cross-
matched sample of FGK type dwarf stars from Casagrande et al. (2011) with the Gaia and GALEX catalogs. Using calibrated
relationships between FUV magnitudes and age, we determined a chromospheric activity indicator, Q, and stellar age, τ ,
for each dwarf. We constructed age-velocity (AVR) and age-metallicity (AMR) relations with empirically-determined FUV

ages. Power law fits to AVR plots are consistent with heating mechanism models within the literature. We further demonstrate
that perigalactic distance and eccentricity versus FUV -age plots are consistent with an “inside out” formation history model.

Keywords Planet hosting stars · Milky Way disk · Galactic archaeology

1 Introduction

The velocity dispersion of solar neighborhood, FGK main
sequence stars has been shown to increase with age. This
so-called age-velocity dispersion relation (AVR) has a
long history of examination (Strömberg 1946; Spitzer and
Schwarzschild 1951; Wielen 1977; Seabroke and Gilmore
2007; Soubiran et al. 2008). Constraints on this relation lend
to a better understanding of the mechanisms which define
the formation and evolution of the Milky Way galaxy. The
velocity dispersion increase with stellar age may be the re-
sult of several factors, including how the Milky Way initially
formed. Rix and Bovy (2013) reviews the study of Galactic
evolution and mechanisms that may have played a role to
form the current state of the AVR. One explanation posits

that orbits of stars were determined at birth. Vertical gra-
dients of age and metallicity in this case are established as
a consequence of the gas settlement of the disk, and radial
gradients are formed “inside out” (see e.g. Veltx et al. 2008;
Robin et al. 2014; Navarro et al. 2018). The initial deter-
mination of orbits and trends in star formation (Bird et al.
2013) may have been the result of several mechanisms, in-
cluding early mergers (Brook et al. 2004, 2012) and accre-
tion from satellite galaxies (Abadi et al. 2003). Alternately,
the observed AVR is often argued to be the result of orbital
scattering or dynamical heating of a stellar distribution after
gas settled into a thin disk. As such, older stars subsequently
had more time to gravitationally interact with other massive
objects and become scattered into altered orbits.

A number of numerical modelling studies have been
made to explore the latter possibility that heating mecha-
nisms may play a significant role in producing the observed
AVR. Simulations have demonstrated how gravitational in-
teractions can cause heating through a variety of mecha-
nisms. In earlier studies Giant Molecular Clouds (GMCs)
were presumed to be the main driver of Galactic heat-
ing (Spitzer and Schwarzschild 1951, 1953), yet in recent
years simulations have shown that multiple mechanisms
contribute to the observed AVR (see, for example, Hänninen
and Flynn 2002; Aumer et al. 2016). The spiral arm struc-
ture and a possible bar (Barbanis and Woltjer 1967; Aumer
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et al. 2016), black holes (Lacey and Ostriker 1985; Hänni-
nen and Flynn 2002), and satellite mergers (Walker et al.
1996; Moetazedian and Just 2016; Ting and Rix 2019) may
all play a role in Galactic heating. The resulting models can
be tested with observations of the Solar neighborhood AVR.
In this work we qualitatively investigate possible heating
mechanisms that played a role in the initial galaxy forma-
tion and those involved in the evolution of the AVR.

More often than not, the stellar ages utilized in obser-
vational determinations of the local AVR are based upon
isochrone-determination techniques. In isochrone fitting one
makes use of a comparison between an observed color mag-
nitude diagram which contains the stars of interest and the-
oretical isochrones or evolutionary tracks for stellar models
of varied ages. This method is useful when age-dating co-
evolved stars such as clusters and moving groups, but can
result in uncertain ages when age-dating single stars. The
Geneva-Copenhagen Survey (GCS) (Nordström et al. 2004)
is a large survey well suited for measuring the AVR, and has
become the standard for comparison (Holmberg et al. 2009;
Casagrande et al. 2011). The GCS contains 16,682 G and
F-type stars within the solar neighborhood with metallic-
ity, rotation, age, kinematics, and Galactic orbit determina-
tions. Kinematics for this sample used Hipparcos parallaxes,
Tycho-2 proper motions, and uvbyβ photometry. Stellar ages
within the CGS were determined with isochrone modeling.
This well-used sample can test our understanding of the
Milky Way’s evolution by providing the data from which
a local stellar AVR can be derived. For example, Fig. 8 of
Holmberg et al. (2009), who use distances, ages, and kine-
matics from the GCS, shows synthetic age-velocity relations
for three different disc heating scenarios (scattering, heating
saturation, and a late minor merger).

In recent years isochrone ages have been improved
through the use of Bayesian techniques. However, in Fig-
ure 4a of Lin et al. (2018) stars older than ∼2 Gyr still
have significant scatter between their improved Bayesian-
determined ages and those found elsewhere within the liter-
ature. Such scatter illustrates a need for additional types of
age-dating techniques which may be applied to single stars.
Then one may compare AVRs constructed with stellar ages
determined from a variety of methods. Ages of FGK main
sequence stars based on the time-varying behavior of stellar
activity can provide one such potential alternative (Ström-
berg 1946; Roman 1950a,b).

In Crandall et al. (2020) the stellar activity-age relation-
ship is the basis of a calibration between stellar age and
far-ultraviolet (FUV ) brightness which can be added to
the toolbox of other age-dating techniques. Therein FUV

magnitude observations from the Galaxy Evolution Explorer
telescope (GALEX) are shown to be tracers of chromo-
spheric activity (see e.g. Smith and Redenbaugh 2010) and
hence age (Findeisen et al. 2011). Crandall et al. (2020)

derived an FUV -age calibration through which ages may
be determined without introducing errors associated with
model-based methodologies, such as isochrone fitting.

The FUV -age relationship in Crandall et al. (2020) is
calibrated in a combined GALEX FUV and Johnson B and
V color space. In Sect. 2 of this work we re-calibrate the re-
lationship in a GALEX plus Gaia color space, as Gaia pho-
tometry is now available for a much larger number of stars
than is (B − V ) photometry. In Sect. 3 the updated FUV -
age calibration is utilized to determine model-independent
ages of 660 GCS stars. A stellar AVR is constructed using
FUV -determined ages and unprecedentedly precise Gaia
kinematics. The resultant observational AVR is fitted to a
power law whose coefficients are compared with other de-
terminations in the literature. Finally, we utilize perigalactic
radii, eccentricities, and FUV -determined ages to show that
the stars in our sample follow an “inside out” and “upside
down” formation history pattern. Section 5 summarizes our
findings.

2 A far-ultraviolet excess correlation with
stellar age

Far-ultraviolet (FUV ) emission has been shown to be an in-
dicator of chromospheric activity and hence age (Smith and
Redenbaugh 2010; Findeisen et al. 2011; Smith et al. 2017)
among FGK main sequence stars. Within Crandall et al.
(2020), this relationship was characterized such that one
may use GALEX FUV magnitudes and Johnson (B − V )

colors to estimate the age of FGK dwarf stars. The relation-
ship takes the form

loge(τ ) = loge(a) + bQ, (1)

where τ is the stellar age in Gyr, Q is an FUV -excess pa-
rameter, and a and b are linear fit parameters. The Q param-
eter is dependent on GALEX FUV magnitude and Johnson
(B − V ) color. The fit parameters a and b are also depen-
dent on (B − V ). However, (B − V ) colors are not always
available for a stellar sample. With the recent Gaia data re-
leases we find that Gaia colors are now available for many
more Galactic FGK stars than Johnson photometry. As such,
within this section we establish a new FUV -age relation-
ship for Sun-like stars through the use of Gaia colors.

2.1 Data compilation

Development of our new age-calibration comes from an
FUV -based analysis similar to that of Crandall et al. (2020)
in which stellar age data from four catalogs were combined
to produce a set of calibration stars. Each of these catalogs,
Ballering et al. (2013), Isaacson and Fischer (2010), Sier-
chio et al. (2014), Lorenzo-Oliveira et al. (2018), contain
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FGK dwarf stars with solar-like luminosities, metallicities,
and spectral types. The ages in these four catalogs were pri-
marily determined by stellar activity indicators such as the
chromospheric Ca II H plus K emission line index logR′

HK.
Ballering et al. (2013) and Sierchio et al. (2014) utilized
chromospheric and X-ray activity indicators supplemented
with surface gravity measurements and gyrochronology,
where available, to derive stellar ages. Their resulting age
values were then checked against isochrone-determined es-
timates for consistency. Ages computed in Isaacson and
Fischer (2010) were derived via logR′

HK and calibrations
from Mamajek and Hillenbrand (2008). Finally, ages for a
few stars in our sample from Lorenzo-Oliveira et al. (2018)
were solely estimated from Yonsei-Yale isochrones (Yi et al.
2001; Kim et al. 2002).1 The oldest star in our sample is 9
Gyr.

Many of the stars in the catalogs have GALEX FUV

and Gaia GBP and G magnitudes, information vital to the
FUV -age calibration. The GALEX far-ultraviolet magni-
tudes were extracted from the GR6/7 data release by use
of the Mikulski Archive for Space Telescopes (Conti et al.
2011). Many of the said FUV magnitudes come from im-
ages obtained as part of the GALEX All-Sky Imaging Sur-
vey. Optical Gaia magnitudes were collected from Data Re-
lease 2 (DR2) and early Data Release 3 (eDR3) (Gaia Col-
laboration et al. 2018).

Additionally, our sample consisted of stars which have
Johnson (B − V ) colors for the purpose of extracting stars
with Solar-like magnitudes and colors. The Johnson colors
were collected from the Hipparcos catalog. We only consid-
ered those dwarfs which fall into a solar-like color range of
0.55 ≤ (B − V ) ≤ 0.71 and have an absolute visual magni-
tude within ±0.5 mag of the Sun: 4.3 ≤ MV ≤ 5.3. The ab-
solute magnitude cut is not removing stars at ages where our
FUV calibration will work well (see Sect. 6). More lumi-
nous stars that have evolved further from the zero-age main
sequence can have weakened chromospheric Ca II H and K
emission lines (Wright 2004), which are used for age-dating
within the catalogs, and so may have less reliable ages. Ab-
solute magnitudes were determined with Gaia parallaxes.
These restrictions ensure that the stars considered here have
spectral types and luminosities similar to that of the Sun.

After the above color and magnitude cuts were placed on
the sample of stars from Isaacson and Fischer (2010), Bal-
lering et al. (2013), Sierchio et al. (2014), Lorenzo-Oliveira
et al. (2018), we were left with a collection of 401 stars with

1We did not include larger samples of stars with isochrone-determined
ages within our calibration sample, because they would have less pre-
cise ages. The Lorenzo-Oliveira et al. (2018) sample includes more
precise stellar ages due to their use of solar twin stars. They utilized
precise spectroscopic parameters and combined them statistically with
their luminosities to achieve precise ages. Imprecise luminosities nor-
mally used in determining ages with isochrones is not a large contrib-
utor to uncertainty in this case.

Fig. 1 A metallicity histogram of 401 stars used in the FUV -age cali-
bration. Of the stars within the sample, 74% or 295 dwarfs, fall within
a solar-like metallicity range of −0.2 ≤[Fe/H]≤ 0.2

Sun-like luminosities, effective temperatures, and spectral
types. To address metallicity, a histogram of [Fe/H] is plot-
ted in Fig. 1 for all stars. The metallicity values are taken
from Casagrande et al. (2011), and fall within a range of
−1.5 ≤[Fe/H]≤ 0.76, although the number of calibration
stars with [Fe/H] < −0.5 is very small, as can be seen in
Fig. 1. Of the stars within the sample, 74% or 295 dwarfs,
fall within a solar-like metallicity range of −0.2 ≤[Fe/H]≤
0.2. Most of the sample thus has a Sun-like range in [Fe/H],
so that we did not reduce the sample further based on metal-
licity. There may be a concern with metallicity effects con-
tributing to errors in an FUV -age relationship, however,
Figs. 6 and 8 of Crandall et al. (2020) show no correlations
between metallicity and this relationship for [Fe/H] > −0.4
dex.

2.2 Constraining the FUV -age relation

In a similar manner to Crandall et al. (2020) we define an
FUV -excess parameter Q as

Q = (FUV − GBP ) − uFUV, (2)

where GBP is the Gaia blue magnitude and uFUV is an up-
per boundary to the value of (FUV − GBP ) as a function
of (GBP − G). This boundary, which is shown in Fig. 2,
represents a minimum chromospheric activity level against
which to define an FUV excess, i.e., Q is equal to the dif-
ference between the observed (FUV − GBP ) color and the
boundary value at the relevant stellar (GBP − G).

Figure 2 is a two-color diagram of (FUV −GBP ) versus
(GBP − G) for all FGK stars in our calibration sample with
optical colors of 0.10 ≤ (GBP −G) ≤ 0.55. The few dwarfs
outside of this range are very scattered in their two-color re-
lationship and are not included in Fig. 2. A minimum chro-
mospheric boundary, the uFUV function referred to above,
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Table 1 Age Calibration Fits for
the FUV -Excess Parameter Q

aAverage (GBP − G) color.
bNumber of stars within each
bin.
cQ value at which the FUV-age
relationship flattens and the fit is
truncated.
dSpearman coefficient.
eCoefficient of determination.
fRMS of loge τ about each fit.

Bin (GBP − G)

Range
〈GBP − G〉a a b Nb Qmax

c ρd r2e RMSf

1 0.27-0.32 0.30 21.97 2.82 238 −0.51 0.82 0.70 0.70

2 0.28-0.33 0.31 19.53 2.61 296 −0.40 0.82 0.75 0.63

3 0.29-0.34 0.32 18.91 2.49 321 −0.40 0.82 0.77 0.63

4 0.30-0.35 0.32 17.70 2.33 293 −0.40 0.80 0.75 0.65

5 0.31-0.36 0.33 18.0 2.24 229 −0.40 0.77 0.82 0.53

6 0.32-0.37 0.33 16.18 2.04 158 −0.40 0.80 0.83 0.53

7 0.33-0.38 0.34 16.89 1.99 89 −0.40 0.78 0.85 0.55

8 0.34-0.39 0.35 15.26 1.68 29 −0.46 0.84 0.90 0.35

Fig. 2 A FUV-optical two-color diagram of FGK stars from Isaac-
son and Fischer (2010), Ballering et al. (2013), Sierchio et al. (2014),
Lorenzo-Oliveira et al. (2018) with GALEX FUV and Gaia magni-
tudes. Within the color range 0.27 ≤ (GBP −G) ≤ 0.43 there is a range
of (FUV − GBP ) colors indicating a range of chromospheric activity
levels at any given optical color. Red curve depicts an empirical locus
of minimum chromospheric activity

is clearly defined in the figure and was fit by the red line
therein, which has the equation

uFUV = −97.38(GBP −G)2 +82.61(GBP −G)−3.61. (3)

Figure 2 also reveals significant spread in values of (FUV −
GBP ) at a given optical color within the range 0.27 <

(GBP − G) < 0.43. Such varied (FUV − GBP ) behavior
demonstrates a range of FUV chromospheric activity levels
among FGK dwarfs at a given (GBP − G).

Errors shown in Fig. 2 only reflect Gaia magnitude er-
rors. GALEX FUV magnitude errors are reported in the
GR6/7 data release. However, they are not significant for
our uses here. For example, the cross-matched sample de-
scribed in Sect. 2.1 contains 1,288 stars with FUV magni-
tude errors. The average magnitude error for this sample is
0.8%, where the percent error was determined by (error in
mag)/mag. See Sect. 2.3 for more discussion on errors as-
sumed in our calibration.

To constrain the FUV -age relationship with Gaia col-
ors, we plot literature-reported ages from the four samples
listed in Sect. 2.1 against the Q values for each star. Follow-
ing Crandall et al. (2020), the fitting function that we use
is a linear equation involving the natural logarithm of the
stellar age τ , which is taken to be in units of Gyr through-
out this paper. The basic age-calibration equation that we
empirically adopt is thus the Equation (1) given above. As
shown in Fig. 2 this relationship is dependent on the stellar
(GBP − G) color, and so we plot loge τ against Q in color
bins. The defined eight Gaia color bins are of width 0.5 mag
and range between 0.27 ≤ (GBP − G) ≤ 0.40, e.g., bin 1 is
0.27 ≤ (GBP − G) < 0.32, bin 2 is 0.28 ≤ (GBP − G) <

0.33, etc. Figure 3 shows the fits in four bins as examples.
There is a flattening of the relationship at the most posi-
tive Q values, corresponding to the less active stars. The
slope changes within each (GBP − G) bin from anywhere
between Q = −0.51 to Q = −0.40. For each bin we then
only fit up to the point of flattening, which we call Qmax .
These values are listed in Table 1.

Duplicate stars from the four samples (Lorenzo-Oliveira
et al. 2018; Sierchio et al. 2014; Ballering et al. 2013; Isaac-
son and Fischer 2010) were treated separately in constrain-
ing the FUV -age relationship. That is, no ages were com-
bined in the form of an average or the like. Ages were
not combined because the methodologies in deriving ages
within the four samples differed significantly enough, with
the exception of Ballering et al. (2013) and Sierchio et al.
(2014), that we could not reasonably average them.

Table 1 lists the values of fitted age-calibration parame-
ters for each color bin, namely the color range of each bin,
average color per bin, number of stars in each bin (N), the
maximum FUV -excess Qmax to which the fit is made, the
linear fit parameters a and b, Spearman’s correlation coeffi-
cient (ρ), the coefficient of determination (r2), and the RMS
of each fit about loge τ . We found reasonably high ρ and r2

values for each fit indicating that the FUV -age relationship
is well fit with the linear function Equation (1).

Extinction can have a significant effect in the UV and
optical band. However, we did attempt to test for possible
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Fig. 3 Literature-reported ages, loge(τ ), versus FUV -excess parame-
ter Q. Dwarf stars were divided into Gaia (GBP −G) color bins. Four
of the eight bins which were constrained are shown as examples. The
Spearman’s correlation coefficient, ρ, coefficient of determination, r2,

and RMS about loge(τ ) for each fit are displayed. The calibration stars
were binned into three metallicity ranges: −1.5 ≤[Fe/H]< −0.2 (blue
circles), −0.2 ≤[Fe/H]< 0.2 (orange triangles), and 0.2 ≤[Fe/H]≤
0.76 (green diamonds)

correlations between interstellar reddening and the FUV -
excess parameter Q within this work. In Crandall et al.
(2020), this effect was examined for the calibration between
FUV magnitude and Q. Figure 10 of Crandall et al. (2020)
shows the residuals of Q about the age-Q calibration fits
versus Gaia extinction values. They do not observe any sig-
nificant correlation.

Figure 3 also depicts the metallicity, [Fe/H], values
for each dwarf star used in the FUV -age calibration.
As described above, these metallicity values were taken
from Casagrande et al. (2011) and fall within a range of
−1.5 ≤[Fe/H]≤ 0.76. The calibration stars were binned
into three metallicity ranges and are shown in Fig. 3:
−1.5 ≤[Fe/H]< −0.2 (blue circles), −0.2 ≤[Fe/H]< 0.2
(orange triangles), and 0.2 ≤[Fe/H]≤ 0.76 (green dia-
monds). In general, we do not see a clear correlation be-
tween metallicity and the FUV -excess parameter Q. That
is, for the bins of −1.5 ≤[Fe/H]< −0.2 (blue circles) and
−0.2 ≤[Fe/H]< 0.2 (orange triangles) we see a variety of
activity levels as indicated by Q at any given metallicity.
However, in the more metal rich population, 0.2 ≤[Fe/H]≤
0.76 (green diamonds) we see a shift towards more positive

Q values. A more positive Q value correlates with a less
active, older star.

We have plotted stellar age, τ , against metallicity [Fe/H]
for the calibration sample in Fig. 4. We do not see a ma-
jor difference in age ranges for the three metallicity bins
at least down to a metallicity of about one-tenth solar. The
range of age for the metal-rich bin is 0.22 ≤ τ ≤ 8.17. As
such, we do not anticipate metallicity to impact the validity
of the FUV -age relation for the metal-rich stars. We also
note that Fig. 4 shows that the most metal-rich star within
the range −1.5 ≤[Fe/H]< −0.2 has an age comparable to
the Sun.2 However, low-metallicity stars with ages younger
than 3 Gyr are quite rare in the calibration sample, which
mostly encompasses what is generally considered, within
the literature, near the upper half of the metallicity range
of the Galactic thick disk. There are some relatively young
ages among some of the most metal-poor stars in Fig. 4. The

2The Casagrande et al. (2011) sample flags stars with metallicities that
have been obtained outside of the calibration validity range. We inves-
tigated the possibility of such stars within our sample. However, after
our magnitude and color cuts have been applied to our sample, we find
that there are no stars with this flag.
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calibration sample does not contain many stars with [Fe/H]
metallicities as low as −0.4 dex or less (see Fig. 1), i.e.,
as low as the Casagrande et al. (2011) survey encompasses.
Thus one cannot rule out that at metallicities of < −0.5 dex
the age-Q relation might become sensitive to [Fe/H], which
could hinder interpreting the apparently young-Q metal-
poor stars in Fig. 4.

In the final step of the FUV -age calibration process we
investigate how the fit parameters in Table 1 vary with Gaia
(GBP − G) color. Figure 5 shows loge(a) and b parame-
ters versus (GBP − G), where representative colors are the
median (GBP − G) within each bin from Table 1. The pa-
rameter loge(a) is fit with the linear function

loge(a) = −4.44(GBP − G) + 4.35, (4)

and the parameter b is fit by the linear function

b = −14.84(GBP − G) + 7.17. (5)

Fig. 4 Stellar age versus [Fe/H] for the calibration sample. Metallici-
ties are from Casagrande et al. (2011)

Errors shown in Fig. 5 are the root-mean sum of the squares
of residuals about the determination of each loge(a) and b

value. With Equations (1) - (5) one can empirically esti-
mate the age of an FGK-type, solar-like star given a GALEX
FUV magnitude and Gaia colors. Alternatively, one may
interpolate within a grid of a and b values given in Table 1.

2.3 Related errors

Several factors could contribute to an error in the fits given
in Fig. 3 and Table 1, including errors in the age determi-
nations of the calibration stars, metallicity effects, and er-
rors in the FUV magnitude observations. The four sources
from which ages were chosen (Lorenzo-Oliveira et al. 2018;
Sierchio et al. 2014; Ballering et al. 2013; Isaacson and Fis-
cher 2010) do not have associated errors quoted. As such, we
did not include errors for loge(τ ) in our analysis. Crandall
et al. (2020) explored the possibility of metallicity effects
in the FUV -age relation and found no clear correlations.
However, they noted that this is potentially the case due to
a restricted metallicity range among their calibration stars,
which have near-solar abundances. The current calibration
also imposes a similar restriction.

The extent to which errors in GALEX GR6/7 FUV mag-
nitudes propagate into an age uncertainty were quantified in
Sect. 3.3 of Crandall et al. (2020). They concluded that for a
6.0 Gyr solar-type G dwarf there would be an error of ∼ 1.0
Gyr in an FUV -derived age, assuming an observational er-
ror in FUV magnitude of 0.05 mag. We performed a simi-
lar analysis. For a theoretical star of given age between 0-6
Gyr with a solar color of (GBP − G) = 0.33 (Casagrande
and VandenBerg 2018), we calculated an associated error in
the derived FUV -age using Equations (1) - (5) for assumed
errors of 0.02 and 0.05 mag in the GALEX FUV magni-
tude. Figure 6 shows the results of these calculations. Here
the green dashed line corresponds to a 1:1 exact match in

Fig. 5 Fit parameters loge(a) and b from Table 1 versus representa-
tive (GBP − G) colors. The later are the median values of (GBP − G)

within each bin from Table 1. The red lines represent linear fits. Error

bars shown are the root-mean sum of the squares of residuals about the
determination of each loge(a) and b value
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Fig. 6 Estimated errors of FUV -determined ages for a theoretical star
with a solar Gaia color (GBP − G) = 0.33. The green dashed line
demonstrates a 1:1 exact match in age, while the blue and orange lines
give the age that would be derived for assumed GALEX FUV magni-
tude errors of ±0.02 and ±0.05, respectively

age for no error in FUV magnitude, while the blue and or-
ange lines give the error in derived age for assumed GALEX
FUV errors of ±0.02 and ±0.05 mag respectively. From
Fig. 6 we conclude that for a 6 Gyr star errors in FUV mag-
nitude that are greater than 0.05 mag could translate to an
error in derived age of more than 1 Gyr. The FUV magni-
tude errors, if they amount to 0.05-0.15 mag, can therefore
cause large age errors beyond this age threshold. As such,
like with Crandall et al. (2020), our calibration is best used
for stellar ages less than 6 Gyr.

3 The age-velocity relation

Far-ultraviolet-based ages for FGK dwarf stars can be com-
bined with measurements of their space motions, and ap-
plied to a study of correlations between age and kinematics
of stars in local regions of the Galaxy. As noted in Sect. 1,
the age-velocity relation (AVR) is a general trend which
shows that velocity dispersion increases as a function of stel-
lar age within the solar neighborhood. More often than not,
an AVR is constructed using isochrone-determined ages. In
this section we utilize the Casagrande et al. (2011) sample
of thousands of Geneva-Copenhagen Survey dwarf stars to
construct an AVR with empirical FUV -determined ages.

3.1 The stellar sample

The basis for the stellar sample which we use to construct
an AVR is the Casagrande et al. (2011) collection of so-
lar neighborhood dwarf stars. Casagrande et al. (2011) re-
analyzed the Geneva-Copenhagen Survey with new effec-
tive temperatures and metallicities (Nordström et al. 2004),

which were then used to estimate the ages of FGK type
stars with the BASTI (Pietrinferni et al. 2004a,b, 2009) and
Padova (Bertelli et al. 2008, 2009) isochrone models.

The GCS sample was comprised of 12,329 dwarf stars.
We then discarded stars that do not have GALEX FUV or
Gaia G and GBP magnitudes. Additionally, stars without
Gaia parallax measurements were omitted, as this infor-
mation is used to make an absolute magnitude cut on the
sample. The FUV -age calibration in Sect. 2 is only func-
tional for stars with absolute magnitudes 4.3 ≤ MV ≤ 5.3.
As such, we did not include stars outside of this solar-analog
range. Absolute visual magnitudes for each star were deter-
mined by

MV = V + 5.0(1.0 + log10 p), (6)

where V is the Johnson magnitude and p is the parallax in
arc sec. The FUV -age calibration is also restricted by the
Johnson color range 0.55 ≤ (B − V ) ≤ 0.71 and Gaia color
range 0.24 ≤ (G − GBP ) ≤ 0.39, and stars outside of these
ranges were not included in the sample. The final magnitude
and color-cut sample contained 660 dwarf stars.

3.2 An AVR with literature-reported ages

We first constructed a baseline AVR, Fig. 7, with the
Casagrande et al. (2011) sample without performing any
of the color, magnitude or metallicity cuts mentioned above.
The ages in this figure are determined by Casagrande et al.
(2011) with Padova isochrones in which a probability dis-
tribution was constructed using a Bayesian framework and
a median value is the final derived age (see Appendix A of
Casagrande et al. 2011).

Each of the three velocity dispersions were constructed
from the 3D velocity components UV W , which were also
quoted in Casagrande et al. (2011) and measured in the
Geneva-Copenhagen Survey (Nordström et al. 2004). To
determine the velocity dispersion in a given axis we first
binned the 12,329 stars by age in bin width of 0.5 Gyr from
0-10 Gyr. We then utilized the median absolute deviation
(MAD) to determine dispersions σU , σV , and σW . For ex-
ample,

σU = median|Ui − Ũ | (7)

where Ui is a given star’s U velocity and Ũ is the median
velocity for a given bin. Within each bin we use a median
representative age, τ̃ . The first three panels in Fig. 7 show
the MAD velocity dispersions for the three kinematic com-
ponents versus median isochrone age. We also constructed
a final AVR represented by a dispersion which we denote
s. This dispersion is a quadrature sum of the U , V , and W

velocity dispersions:

s =
√

σ 2
U + σ 2

V + σ 2
W . (8)
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Fig. 7 Age versus velocity dispersion plots derived using data from the
Casagrande et al. (2011) sample of 12,329 dwarf stars. No metallicity,
color, or magnitude cuts were made to this sample. Velocity disper-
sions for UV W were determined using the median absolute deviation,

and ages were determined with Padova isochrones. A median age, τ̃

was determined for each bin. The combined velocity dispersion, s, is
the quadrature sum of the UV W velocity dispersions. Each relation is
fit by a power law function (red)

The s values are shown versus median isochrone age, τ̃ , in
the bottom right panel of Fig. 7. Again, this AVR repre-
sents the constructed Casagrande et al. (2011) relation us-
ing their data without color, magnitude, or metallicity cuts
made to the sample. The shape of this AVR is comparable
to that of Fig. 17 in Casagrande et al. (2011). Errors are not
shown in Fig. 7 as UV W velocity errors are not given in the
Casagrande et al. (2011) sample.

Traditionally, an AVR is fit with a power law function and
we have done so in each panel in Fig. 7, represented by the
red curve. The fits are defined as

σU = 15.75τ 0.27, (9)

σV = 7.87τ 0.42, (10)

σW = 6.33τ 0.36, (11)

and

s = 18.66τ 0.32 (12)

where τ is the Padova isochrone-determined age in Gyr and
the velocity dispersions are in units of km s−1. The root-
mean-square (RMS) residuals about the velocity dispersion

fits are 1.52, 1.15, 1.00, and 1.37 km s−1 for σU , σV , σW ,
and s, respectively. These fits are noted in Table 2.

3.3 An AVR with FUV -determined ages

The stellar age-dating tool developed in Sect. 2, in which
we calibrated a relationship between GALEX FUV mag-
nitudes and age, is useful because it is a purely empirical
relationship. Hence, this tool uniquely compliments other
age-dating techniques based on isochrones, since it is largely
based upon the time dependence of stellar activity.

We have taken the compilation of Casagrande et al.
(2011) dwarf stars with the absolute magnitude and color
cuts described in Sect. 3.1 and estimated their ages with
GALEX FUV observations. Equations (1) - (5) were used
to determine the FUV age, τ , for each of the 660 stars in
the resulting sample.

The stars were then binned by age in order to determine
a MAD representative value of the velocity dispersion com-
ponents. However, in this case, the sample was reduced from
the original 12,329 Casagrande et al. (2011) stars to 660 af-
ter color and magnitude cuts. As such, there were signifi-
cantly fewer stars older than ∼ 4 Gyr in the FUV sample.
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Table 2 Power law fits to age vs. velocity dispersion relations

Age determinationa Velocity determinationb Velocity dispersion ac βc RMSd

km s−1

Isochrone GCS σU 15.75±0.66 0.27±0.02 1.52

Isochrone GCS σV 7.87±0.47 0.42±0.03 1.15

Isochrone GCS σW 6.33±0.42 0.36±0.04 1.00

Isochrone GCS s 18.66±0.59 0.32±0.02 1.37

Isochrone GCS with color cutse s 18.56±1.46 0.23±0.05 2.87

FUV GCS σU 16.44±1.25 0.21±0.05 3.16

FUV GCS σV 10.94±1.25 0.24±0.08 3.12

FUV GCS σW 7.10±0.99 0.34±0.09 2.41

FUV GCS s 21.28±0.84 0.24±0.03 2.10

Isochrone Gaia σU 16.23±0.76 0.28±0.03 1.76

Isochrone Gaia σV 7.86±0.77 0.44±0.05 1.91

Isochrone Gaia σW 6.02±0.33 0.42±0.03 0.80

Isochrone Gaia s 18.91±0.70 0.34±0.02 1.65

FUV Gaia σU 15.90±1.11 0.21±0.05 2.82

FUV Gaia σV 11.64±1.18 0.29±0.07 3.02

FUV Gaia σW 7.48±1.13 0.31±0.10 2.75

FUV Gaia s 21.48±0.98 0.21±0.03 2.47

aThe method used to determine ages. Isochrone ages are quoted in Casagrande et al. (2011) and FUV ages are estimated using the calibration in
Sect. 2
bGCS velocities quoted in Casagrande et al. (2011) are taken from the Geneva-Copenhagen Survey, while Gaia velocities were determined here
from Gaia proper motions, parallaxes, and radial velocities
cPower-law fit parameters of the form σ = aτβ with τ in Gyr and velocity dispersions in km s−1

dRMS scatter about the velocity dispersion fit
eThis AVR was constructed with Casagrande et al. (2011) ages and velocities, but only consisted of stars with 4.3 ≤ MV ≤ 5.3, Johnson color
0.55 ≤ (B − V ) ≤ 0.71, and Gaia color 0.24 ≤ (G − GBP ) ≤ 0.39

We accounted for this by using varying bin widths. Velocity
dispersions σU , σV , σW , and s were calculated in the same
manner as the full Casagrande et al. (2011) sample.

Figure 8 shows all age-velocity relations when utilizing
FUV -determined ages. We note more scatter compared to
Fig. 7 for stars older than ∼ 4 Gyr. Additionally, the ve-
locity dispersion relation in the V component is flatter than
the full Casagrande et al. (2011) sample. We also note that
the FUV -age relationship is best for stars younger than ∼ 6
Gyr, as an estimated associated FUV error is 1 Gyr for a 6
Gyr old star. Each dispersion relation was fit with a power
law function:

σU = 16.44τ 0.21, (13)

σV = 10.94τ 0.24, (14)

σW = 7.10τ 0.34, (15)

and

s = 21.28τ 0.24, (16)

where τ is the GALEX FUV -determined age in Gyr and
velocity dispersions are again in km s−1. The RMS values
about the velocity dispersion fits are 3.16, 3.12, 2.41, and
2.10 km s−1 for σU , σV , σW , and s, respectively. Power law
fit parameters for these AVRs are listed in Table 2.

To compare the FUV -age AVR and literature-age AVR,
we constructed an additional AVR which uses Casagrande
et al. (2011) velocities and ages, as in Sect. 3.2, but places
color and magnitude constraints on the sample. We used the
color ranges previously noted in Section 3.2. These con-
straints reduced the sample to 1,066 stars. Figure 9 shows
the AVR constructed with Casagrande et al. (2011) ages and
a quadrature sum of the 3D velocity dispersions, s. As in the
previous AVR plots, stars were binned and a MAD represen-
tative velocity dispersion was calculated for each bin. This
AVR was fit to a power law:

s = 18.56τ 0.23, (17)

which is also given in Table 2. The power law parameter,
β = 0.23, for this AVR is comparable to that of the FUV -
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Fig. 8 Age-velocity relations for the Casagrande et al. (2011) sample
with magnitude and color-cuts (660 stars) and FUV -determined ages.
A median age, τ̃ , was determined for each bin. Velocity dispersions

for UV W were determined using the median absolute deviation. The
combined velocity dispersion, s, is the quadrature sum of the UV W

velocity dispersions. Each relation is fit by a power law function (red)

Fig. 9 Age vs. velocity dispersion plot for the Casagrande et al. (2011)
sample with magnitude and color-cuts (1,066 stars) and literature-
reported ages. τ̃ is the median age within each bin. The combined
velocity dispersion, s, is the quadrature sum of the UV W velocity dis-
persions. The relation is fit by a power law function (red)

age AVR, β = 0.24. One possibility for the similar fit is that
stars within the solar-like range tend to have a flatter AVR

with a β ∼ 0.23 − 0.24. Another possibility is that the re-
duced number of stars has resulted in a flatter AVR.

3.4 AVRs with Gaia-determined velocities

An additional step in constructing age-velocity relations was
to determine the 3D velocities of the Casagrande et al.
(2011) sample by using Gaia kinematic information. We
compiled a sample of Casagrande et al. (2011) stars with
RA, DEC, proper motions, radial velocities, and parallax ob-
servations from the Gaia Data Release 2, yielding data for a
total of 11,350 stars. The UV W velocity components were
determined by inputting the Gaia kinematics into the PyAs-
tronomy package (Czesla et al. 2019).

Figure 10 shows the UV W velocity components derived
from the Gaia data plotted against velocities quoted in the
Casagrande et al. (2011) data set. The red line represents an
equivalent velocity between the two samples. Velocity com-
ponents in all three directions are quite similar and there is
little systematic difference between Casagrande et al. (2011)
and Gaia velocities. The root mean square deviations for the
U , V , and W components are 5.28, 4.75, and 4.11 km s−1

respectively.
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Fig. 10 Space velocity components UV W as derived from Gaia data versus velocities for the same stars quoted in the Casagrande et al. (2011)
data set. The red line represents an equivalent velocity between the two samples

We did not perform magnitude or color cuts on this col-
lection of 11,350 stars before constructing an AVR. The
AVR plots for the Casagrande et al. (2011)-Gaia cross-
matched sample are shown in Fig. 11. Again, the velocity
dispersions were determined by Gaia velocities and the stel-
lar ages come from Casagrande et al. (2011) isochrone fit-
ting. As before, the AVRs were fit with a power law func-
tion:

σU = 16.23τ 0.28, (18)

σV = 7.86τ 0.44, (19)

σW = 6.02τ 0.42, (20)

and

s = 18.91τ 0.34 (21)

where τ is the Padova isochrone-determined age in Gyr and
velocity dispersions are again in km s−1. The RMS devia-
tions about the velocity dispersion fits are 1.76, 1.91, 0.80,
and 1.65 km s−1 for σU , σV , σW , and s, respectively. The
fits and RMS values are also given in Table 2. The RMS de-
viations are smaller than for the fits to the Casagrande et al.
(2011) velocity-determined sample.

Finally, we have constructed AVR plots using Gaia-
determined velocities and FUV -determined ages. All four
velocity dispersions are shown versus stellar age in Fig. 12
along with the power law fit to each relation. Similar to the
AVR in Fig. 8, this sample only includes stars with GALEX
FUV magnitudes, colors within 0.55 ≤ (B −V ) ≤ 0.71 and
0.24 ≤ (G − GBP ) ≤ 0.39, and absolute magnitudes within
the range 4.3 ≤ MV ≤ 5.3; a total of 598 stars. Each plot
was fit with a power law function:

σU = 15.90τ 0.21, (22)

σV = 11.64τ 0.19, (23)

σW = 7.48τ 0.31, (24)

and

s = 21.48τ 0.21 (25)

where τ is the FUV -determined age in Gyr. The RMS val-
ues about the velocity dispersion fits are 2.82, 3.02, 2.75,
and 2.47 km s−1 for σU , σV , σW , and s, respectively. The
relations shown in Fig. 12 are not as clearly defined as in
Fig. 11. This is likely a consequence of a lower number of
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Fig. 11 Age-velocity relation plots for the Casagrande et al. (2011)
sample using isochrone-determined ages and Gaia-derived velocity
dispersions. Velocity dispersions for the UV W components were de-
termined using the median absolute deviation. τ̃ is the median age

within each bin. The combined velocity dispersion, s, is the quadra-
ture sum of the UV W components. The AVR relation is fit by a power
law function (red)

stars in this sample as compared to that in Fig. 11. We note
that there are no significant differences in power law fits
when comparing the Casagrande et al. (2011) and Gaia ve-
locities. For example, the value of β found when fitting the
s-AVR with isochrone-determined ages and GCS velocities
is 0.32±0.02. This is comparable to β = 0.34±0.02, which
describes the fit of the s-AVR constructed with isochrone-
determined ages and Gaia velocities. Likewise, the FUV -
age versus s AVR with GCS velocities is fit with β =
0.24 ± 0.03, which is comparable to β = 0.21 ± 0.03 that
describes the s-AVR with FUV -determined ages and Gaia
velocities.

3.5 Comments on the age-velocity relations

Holmberg et al. (2009) simulated AVRs using synthetic
Geneva-Copenhagen Survey observations. They show in
their Fig. 8 (panel a) that if only GMCs or other local heat-
ing agents contributed to heating, the AVR would continu-
ously rise in velocity dispersion. Our AVR Fig. 8, as well
as that constructed with Casagrande et al. (2011) velocities
and ages (Fig. 7), show a flattening of the curve around 2-3
Gyr. Holmberg et al. (2009) further demonstrated in panels

c and d of their Fig. 8, that a minor merger occurring at the 3
Gyr mark would cause such a flattening. It is quite possible
that our observational AVRs are indeed showing the results
of the Milky Way experiencing an early minor merger.

The power law fit parameter, β , gives insight into the for-
mation history of the Milky Way. Ting and Rix (2019) argue
that many solar-neighborhood studies agree that the veloc-
ity dispersion towards the North Galactic pole, σW , fit with a
power law results in a parameter β ∼ 0.5. However, simple
simulations of an AVR created solely by heating due to Gi-
ant Molecular Clouds (GMCs) have resulted in a fit param-
eter of β ∼ 0.25 (Hänninen and Flynn 2002; Kokubo and
Ida 1992). Additionally, Spitzer and Schwarzschild (1951)
who first highlighted such a relation, found their mean ve-
locity dispersion was fit to a function with β = 1/3. Indeed,
there are differences in the shapes of simulated AVRs. One
heating mechanism alone may not be enough to describe ve-
locity dispersion observations. There may very well be sev-
eral mechanisms which play a role. In our work, we created
AVRs with Casagrande et al. (2011) isochrone-determined
ages, and found a β ∼ 1/3 (see Table 2). Our observational
AVRs which were constructed with a sample of stars with
solar-like colors and magnitudes were fit with a β ∼ 0.23.
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Fig. 12 Age-velocity relation plots for the Casagrande et al. (2011)
sample FUV -determined ages and Gaia-derived velocity dispersions.
Velocity dispersions for the UV W components were determined us-
ing the median absolute deviation. τ̃ is the median age within each

bin. The combined velocity dispersion, s, is the quadrature sum of the
UV W velocity dispersions. The relation is fit by a power law function
(red)

There are many reasons as to why observational AVRs may
not be consistent with those in simulations. This includes the
variance in methods for age-dating stars and the constraints
of local data certainly impact our interpretations of the age-
velocity relation.

4 Stellar metallicity, chromospheric activity,
age, and orbit parameters

Similar to the AVR, the age-metallicity relation (AMR) is
often used to interpret the formation history of the Milky
Way. Twarog (1980a,b) found an age-metallicity relation-
ship (AMR) for nearby main sequence stars within the
Milky Way which has since been used to test chemical evo-
lution hypotheses. This work on the Solar neighborhood
AMR has been greatly extended by the Geneva-Copenhagen
Survey (Casagrande et al. 2011; Holmberg et al. 2007,
2009). The common consensus of the Milky Way’s disk
structure is that it consists of younger stars which reside
closer to the Galactic plane and tend to be more metal-rich,
while older stars are more vertically dispersed and metal-
poor. Thus, as noted in the previous section, the limitations

of a local sample of stars for studying the AVR of the Galac-
tic disk also apply to the age-metallicity relation, which can
also vary with position in the Galaxy.

Quite often the population of stars in the Milky Way disk
are split into two groups: thin and thick disk constituents.
The formation histories of these two populations have re-
ceived much discussion in the literature, with Bird et al.
(2013) providing a detailed discussion. In one general sce-
nario the thick disk is considered to have formed in situ
when metal-poor stars maintained their orbital scale heights
after formation and the surrounding gas collapsed into the
Galactic plane (Veltx et al. 2008; Robin et al. 2014; Navarro
et al. 2018). Thin disk stars may have then formed later in
the collapsed gas disk. Alternatively, perhaps a major merger
(Veltx et al. 2008), or several mergers (Brook et al. 2004),
early on in the Milky Way’s formation history formed the
thick disk stars via accretion. As suggested in the previous
section, our Galaxy’s current structure may have been the
result of heating mechanisms which have driven the thick
disk outwards (“inside out” formation). As these thick disk
stars are older, they have had more opportunities to gravi-
tationally interact with Giant Molecular Clouds (Hänninen
and Flynn 2002; Aumer et al. 2016), black holes (Lacey and
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Fig. 13 Metallicity [Fe/H] and [α/Fe] from Casagrande et al. (2011) as a function of chromospheric activity indicator Q

Ostriker 1985; Hänninen and Flynn 2002) and other stars.3

Many works support the claim that within the varying sce-
narios of mechanisms which have driven the Milky Way’s
evolution, the kinematic trends were likely designated at
birth (Bird et al. 2013). Regardless of the formation history,
the thin and thick disk stars have often been classified by
their [Fe/H] abundance, age, or a combination of the two
parameters.

However, there is significant, recent interest in a different
classification of stellar populations based on [α/Fe] abun-
dance ratios. High α-abundance and low-α stars then distin-
guish the high- and low-α disks, respectively, within the so-
lar neighborhood (Fuhrmann 1998; Prochaska et al. 2000),
and this concept has been extended to Galactic structure
studies (Bovy et al. 2012; Haywood et al. 2013; Bovy et al.
2016). It is important to note that Bovy et al. (2012) found a
lack of clear correlation between the low-α and high-α disks
and the thin and thick disks. In addition, the distinction be-
tween low-α and high-α disks appears to be dependent upon
Galactocentric radius, where the high-α population resides
closer to the Galactic center and the low-α population in an
annulus further out (Bovy et al. 2016; Haywood et al. 2016;
Mackereth et al. 2019).

4.1 Age-metallicity relation

We explored a possible AMR for our sample of stars by
first investigating the relationship between metallicity and
the chromospheric activity indicator Q. Values of the metal-
licity [Fe/H] and [α/Fe] used here are from Casagrande et al.
(2011), who derived a new metallicity scale for the Geneva-
Copenhagen Survey sample of Solar neighborhood stars.
These metallicity estimates are not accompanied with er-
rors within the Casagrande et al. (2011) catalog. We only
considered stars from the sample which have GALEX FUV

3Although the assembled mass from GMCs and black holes contributes
to the scattering significantly more than stellar mass.

Table 3 Average activity indicator Q in metallicity and [α/Fe] bins

[α/Fe] Bin 〈Q〉 〈[α/Fe]〉

−0.2 to − 0.1 −0.73 −0.11

−0.1 to 0.0 −0.65 −0.03

0.0 to 0.1 −0.73 0.06

0.1 to 0.2 −0.76 0.15

0.2 to 0.3 −0.61 0.24

[Fe/H] Bin 〈Q〉 〈[Fe/H]〉
−0.9 to − 0.8 −1.16 −0.81

−0.8 to − 0.7 −0.75 −0.73

−0.7 to − 0.6 −0.72 −0.63

−0.6 to − 0.5 −0.51 −0.52

−0.5 to − 0.4 −0.65 −0.45

−0.4 to − 0.3 −0.54 −0.33

−0.3 to − 0.2 −0.83 −0.23

−0.2 to − 0.1 −0.78 −0.15

−0.1 to 0.0 −0.70 −0.05

0.0 to 0.1 −0.70 0.05

0.1 to 0.2 −0.53 0.15

0.2 to 0.3 −0.53 0.24

0.3 to 0.4 −0.66 0.36

observations. In addition, stars were only considered if they
fell within the Gaia color range 0.27 < (GBP − G) < 0.40,
as this range reveals the variance of chromospheric activity
within the FUV broadband range without significant photo-
spheric contamination. This sub-sample consisted of 4,644
stars. Activity indicator, Q, estimates were derived for each
of the stars using Equations (2) and (3).

Figure 13 shows the Casagrande et al. (2011) metallic-
ity [Fe/H] and [α/Fe] versus the FUV -based chromospheric
activity indicator Q. A comparison of Fig. 13 to Fig. 16 of
Casagrande et al. (2011) (their age-metallicity relationship)
shows that for stars with metallicity −0.5 � [Fe/H] � 0.5,
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Fig. 14 Distributions of the metallicity [Fe/H] and chromosphere ac-
tivity indicator Q for stars in the combined GCS-GALEX sample. The
top-left panel shows the distribution of metallicity for all stars in the
sample for which we have derived FUV ages. The top-right panel

shows the chromospheric activity indicator, Q, distribution for this
sample of stars. The bottom panels have divided the stars into two pop-
ulations as regards metallicity: [Fe/H]< −0.2 (left) and [Fe/H]≥ −0.2
(right)

there is a wide distribution of both age and activity levels.
Furthermore, among stars with [FeH] < −0.5 the spread in
Q is less than among the more metal-rich stars.

In Fig. 13 we see that chromospherically inactive stars
(those with more positive Q) have a wide metallicity range.
As such, we are left with the question of whether there is
a correlation between activity parameter Q and metallicity.
This is explored in Fig. 14. The top-left panel shows the dis-
tribution of metallicity for all stars in the sample for which
we can derive FUV -ages. The top-right panel shows the
distribution of the chromospheric activity indicator, Q, for
this sample of stars. The bottom panels distinguish between
the stars with [Fe/H]< −0.2 (left) and [Fe/H]≥ −0.2 (right).
We performed a two-sample KS test between the two bottom
panels and found a p-value of 0.38. We cannot reject the null
hypothesis that the distributions of the two samples are the
same since the p-value is high. There is no significant differ-
ence in the distributions of Q between these two metallicity
populations. We further explored the relationship between
Q and metallicity by binning the stars in both [Fe/H] and
[α/Fe] by 0.1 dex and finding the average Q within each
bin. The results of this binning are shown in Table 3, and
they reveal that there is little, if any, relationship between

the mean value of Q and either [Fe/H] metallicity or [α/Fe]
for this sample of stars.

An age for each star in the GALEX-GCS sample was de-
termined using Equations (1), (4), and (5). These ages are
shown plotted against both metallicity [Fe/H] and [α/Fe]
in the left and right panels of Fig. 15 respectively. Similar
to Fig. 16 of Casagrande et al. (2011), there appears to be
little to no correlation between metallicity and age in this
figure. It must be noted, however, that the oldest ages plot-
ted in Fig. 15 represent an extrapolation of our age calibra-
tion.

4.2 Stellar age and orbit parameters

In addition to kinematic information, Casagrande et al.
(2011) also provide orbit information for the GCS stars,
including the perigalactic radius (rmin), apogalactic radius
(rmax), and orbit eccentricity derived thereby. Figure 16
shows each of these orbit parameters as a function of
GALEX FUV -determined ages. Interestingly, Fig. 16 sug-
gests that some stars of age > 3 Gyr may not have formed in
the solar neighborhood. There is a tendency for stars of such
age with high eccentricity to have small perigalactic radii.



50 Page 16 of 20 S. Crandall et al.

Fig. 15 Age-metallicity plot for stars with FUV -determined ages and metallicities from Casagrande et al. (2011)

Fig. 16 Perigalactic radius (rmin), apogalactic radius (rmax), and orbit eccentricity given by Casagrande et al. (2011) as a function of FUV -
determined ages (τ )

To further investigate this pattern, the age-metallicity
plots of Fig. 15 have been recreated for four different pop-
ulations of stars: two populations selected with rmin < 6.0
kpc and rmin ≥ 6.0 kpc (Fig. 17), and two populations sorted
by eccentricity at e < 0.2 and e ≥ 0.2 (Fig. 18). Both Fig-
ures show [Fe/H] and [α/Fe] against FUV -determined ages.
These figures demonstrate that the population of stars with
high orbit eccentricity and small perigalactic radii are not

young. Very few stars with rmin < 6.0 kpc formed in the last
2 billion years. In addition, the mean [Fe/H] for stars with
e ≥ 0.2 is smaller than stars with smaller eccentricity.

Older stars with low metallicity, large orbit eccentricity,
and small perigalactic radii are consistent with a Galactic
model that includes radial mixing by dynamical heating.
Here, the inner parts of the Milky Way formed first, and the
first-formed stars then migrated outward due to dynamical
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Fig. 17 Metallicity [Fe/H] and [α/Fe] against FUV -determined ages for two populations of stars sorted on the basis of perigalactic distance:
rmin < 6.0 kpc (left panels) and rmin ≥ 6.0 kpc (right panels). Age resolution is greater for stars younger than 6 Gyr

heating. This formation history is commonly called the “in-
side out” model (Matteucci and Francois 1989). In addition
to the above attributes of these old stars, they also have a
large range in the U velocity component towards the Galac-
tic center, as seen in Fig. 20, which shows that stars with
rmin < 7.0 kpc have a much more dispersed distribution in
U than stars with rmin > 7.0 kpc. This again, is consistent
with a large velocity dispersion caused by dynamical heat-
ing. Radial mixing plays its role here by redistributing stars
radially over time (Loebman et al. 2011). That is, older stars
are more radially dispersed, and exist at higher vertical scale
heights.

Figure 19 shows the maximum vertical displacement
above the Galactic plane versus perigalactic radii for the
stars of which we found FUV ages. In the inside-out for-
mation model stars with small perigalactic radii would also
have larger maximum vertical displacements. Indeed many
stars in this sample reflect this correlation and have a zmax

of several kpc above the plane. However, we do note that it
is not fully consistent within Fig. 19.

A high-resolution hydrodynamic simulation of a Milky
Way-like galaxy, Bird et al. (2013) shows a similar sce-
nario to what we observe here. The simulation within their
work uses a fully cosmological environment and tracks age-

cohorts of stars over the Galaxy’s formation history. They
do note that this method is less comparable to observations
which utilize chemical tracers. However, it is a useful com-
parison for this work due to its method of tracking stars
based on their ages. Bird et al. (2013) find that stars formed
at redshift > 3 would have been scattered into kinematically
hot configurations with thick scale heights and at shorter ra-
dial scale lengths. Younger stars are found at larger radii, but
exist closer to the Galactic plane. Indeed, in this work we ap-
pear to observe the Milky Way structure following such an
“inside out” pattern.

4.3 Stars with high and low [α/Fe]

In the radial migration model high-α stars which formed in
the inner disk will have a steeper slope in an age-velocity
dispersion relation (Schönrich and Binney 2009; Mackereth
et al. 2019). It follows that a low-α population should have a
flatter AVR. The Casagrande et al. (2011) sample of Geneva-
Copenhagen Survey stars includes measurements of [α/Fe].
This has allowed us to split the GCS set of stars with FUV -
derived ages into low-α and high-α populations using a sim-
ple cut at [α/Fe]= 0.1, with low-α stars falling below this
threshold and high-α stars above. Admittedly this is some-
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Fig. 18 Metallicity [Fe/H] and [α/Fe] against FUV -determined ages for two populations of stars sorted by orbit eccentricity: e < 0.2 (right panels)
and e ≥ 0.2 (left panels)

Fig. 19 Maximum vertical displacement above the Galactic plane ver-
sus perigalactic radius for the stars of which we found FUV ages

thing of an arbitrary and simple distinction, and a more ap-
propriate designation might include a Galactocentric radius
consideration (see e.g., Mackereth et al. 2019). Figure 21
shows the AVR for both the low-α and high-α samples with
FUV -determined ages (τ Gyr). The AVRs were fit with a

Fig. 20 Perigalactic radius versus velocity U towards the Galactic
Center for the set of stars in our cross-matched sample for which
FUV -ages have been determined. All values are from Casagrande
et al. (2011). There is a notably greater spread in the U velocity com-
ponent among stars with rmin < 7.0 kpc

power law function and have the forms

s = 24.58τ 0.31 (26)
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Fig. 21 AVRs constructed using FUV -determined ages for both low and high α-element samples, designated as having [α/Fe] abundance ratios
less than +0.1 dex, and greater than +0.1 dex, respectively. τ̃ is the median age within each bin

and

s = 19.60τ 0.19 (27)

for the high-α and low-α populations, respectively. Here s is
again the quadrature sum of the three velocity dispersions,
σU , σV , and σW . Indeed, a flatter AVR curve is found for the
lower-α population. The flatter curve indicates a younger,
dynamically cooler population. This exemplifies α as a use-
ful proxy for age when measuring the AVR.

Perhaps another instructive pair of AVRs would be con-
structed by parsing populations by orbit eccentricity. We did
attempt to fit separate AVRs to a high-eccentricity popu-
lation consisting of stars with e ≥ 0.3 as well as a low-
eccentricity population with e < 0.3. However, the sample
with high eccentricity is a significantly smaller subsample
which contributes to a quite scattered and flat AVR. The
scattered nature of the plot does not allow for a well-fit
power law curve, and so is not presented here.

5 Conclusion

In this work we have calibrated a relationship between
GALEX FUV magnitude and stellar age for FGK type stars
in the main sequence phase of evolution. The calibration is
similar to that given in Crandall et al. (2020), however, in
this case one utilizes readily available Gaia (G−GBP ) col-
ors instead of Johnson (B − V ) colors. As such, the current
calibration has the advantage of being more accessible to
large numbers of stars in the Gaia data releases. The empir-
ical relationship described herein allows a user to estimate
the age of a Sun-like star with a GALEX FUV magnitude
and the Gaia (G−GBP ) color. The calibration has the great-
est age resolution for stars younger than 6-7 Gyr.

By utilizing the new FUV -age calibration, we have con-
structed relations between age and velocity dispersion for a

set of 660 Geneva-Copenhagen Survey stars having GALEX
FUV magnitude measurements. The AVRs have been fit-
ted with a power law function in which velocity dispersion
varies with stellar age as τβ . Values found for the power-
law parameter β are consistent with theoretical AVRs con-
structed from simulations of the orbits of Galactic disk stars
that evolve by Giant Molecular Cloud (GMC) heating with
β ∼ 0.25. In addition, perigalactic radius and orbit eccen-
tricity versus FUV -age plots show that our sample of stars
is broadly consistent with an “inside out” model of Galac-
tic disk formation and evolution, in which older stars are
more centrally located with larger orbit eccentricities, while
younger stars are found at larger radii and have smaller ec-
centricities.
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