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Figure 1. Stacked histograms showing the mass distributions for the input and returned targeBADEX&NUV for each age group. Light blue represents the input

sample, dark blue is the detections with no photometds, dark red is the lower limits, and light red is the upper limits.

Table 1
Mass Estimates Based on the Spectral Type to Effective Temperature Transformations of Pecaut & (@@b3ajek
and the Evolutionary Models of Baraffe et @015

SpT TW Hya Pic Tuc-Hor AB Dor UMa Hyades Field

10 Myr 24 Myr 45 Myr 149 Myr 300 Myr 625 Myr 5 Gyr
KO 1.30 0.98 0.90 0.93 0.92 0.92 0.89
K1 1.26 0.96 0.88 0.89 0.89 0.89 0.86
K2 1.20 0.93 0.86 0.86 0.86 0.86 0.83
K3 1.10 0.89 0.83 0.80 0.80 0.80 0.79
K4 0.98 0.83 0.80 0.75 0.75 0.75 0.74
K5 0.90 0.78 0.77 0.71 0.71 0.71 0.70
K6 0.78 0.74 0.72 0.63 0.65 0.66 0.65
K7 0.75 0.72 0.69 0.59 0.62 0.62 0.61
K8 0.72 0.71 0.66 0.57 0.60 0.60 0.60
K9 0.68 0.68 0.63 0.54 0.57 0.57 0.57
MO 0.59 0.62 0.60 0.51 0.56 0.53 0.53
M1 0.49 0.52 0.52 0.45 0.50 0.47 0.47

biosignatures could be detectable. UV radiation ionizes andatmosphere, exaceting its erosion(Lammer et al.2007,
photodissociates some of the most important molecules for th&Koskinen et al.2010Q. Other than very limited data from the
development of lifée.g., HO, H,, O,, CO,, H,S, and OCpand former Extreme Ultraviolet Explorer(EUVE) satellite, no
signatures that would be indicative of Iieg., CH, NHs, and information in this wavelength regime exists for stars other than
N>O) with potential for completerosion of the atmosphefeg., the Sun. Any missions observing in the EUV will exclude most of
Kasting et al1993 Lichtenegger et a01Q Segura et aR01Q the ionizing ux due to absorption by the interstellar medium.
Hu et al.2019. UV radiation can be split into three regimes: the These values are crucial as photochemical atmospheric models of
extreme-UMEUV; 100-912A), the far-UV(FUV; 912-1700A), HZ planets and abundance rate models require an input of EUV
and the near-UNUV; 1700-3200A) as dened in Linsky & stellar uxes, currently being infeolated from a limited number

Guldel (2015. The EUV heats and irates a plankt upper of FUV and X-ray observations.
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Figure 2. Same as Figurg, but for GALEXFUV targets.

Realistic information regarding the evolution of the NUV, frequency and power. They individually determined that the
FUV, and EUV is of the utmost importance for using models to highest probability of having a habitable planet is in the early-K
answer questions regarding planetary atmospheres. UV radiastar regime. The longer lifetimes of the continuous HZ of these
tion, in particular the ratio of FUMNUV, can impact the types of stars compared to F and G stars allow for life to tune
abundance rates and photochemistry of the atmospheres in thbeir environment and develop a more favorable biosignature,
production of hazes in depleting atmosphei@srkle et al. whereas unmagnetized planets around M stars may lose their
2012 Arney et al.2017 and ozone in oxidizing atmospheres atmosphere within the rst 100 Myr based on severe UV
(Segura et al2003 2005, both of which drastically alter the irradiance(Airapetian et al2017. Lingam & Loeb(2017 nd
planetary spectrum. This affects not only the composition, butthat K6V stars around 0.6Vl would take the least amount of
also the detectability and stability of the atmospheres of thesdime for complex life to develop since increased oxygen levels
planets. For future missions such as faenes Webb Space from UV photolysis permit the emergence of complex life.
TelescopdJWST that will focus on spectra, a planet with a Arney et al.(2018 have independently concluded that there is a
hazy or depleted atmosphere will not make a good target.  similar“K star advantagebecause a planet orbiting a K6V star

has the potential to produce detectable, @Hd G. However,
the UV ux for most of these calculations was assumed to be
1.2. The K Star Advantage constant throughout the timescale of the formation of life and

While current popularity resides among M stars as the mostcould _con_sequently lead to incorr_ect determina_n_ts. K star UV
likely to host identiable habitable planets, stellar variability, evolution is thus needed to determine the probability of planetary
excess aring, and tidal locking in the HZ are cause for concern habitability. The highest potential ohding a truly habitable
(e.g., Shields et aR016. Early- and mid-K spectral type stars Planet may lie with K stars.
have been suggested by Heller & Armstrof@)14 to be
“super-habitablgj.e., the probability of life on a planet orbiting
in the HZ of one of these super-habitable stars is higher than the 2. The K Star Sample
probability of life on an Earth-sized planet orbiting in the HZ of ~ We compiled K stars in young moving group@Gs) and
a G2V star. Cuntz & Guina(2016 analyzed several factors to clusters ranging in age from 10 to 625 Myr. The associations
determine the Habitable-Planetary-Real-Estate Para(hieter included are TW Hydrg10+ 3 Myr; Bell et al.2015, Beta
PREB, which depends on the frequency of different stars, the Pictoris (24 3 Myr; Shkolnik et al. 2017, Columba
rate of contraction onto the main sequence, the size and42 §Myr; Bell et al. 2015, Carina(45 3*Myr; Bell et al.
longevity of the HZ, UV and X-ray emission, andare 2019, Tucana-Horologiun@5+ 4 Myr; Bell et al.2015, AB
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Figure 3. Percentages of targets detected3z\L EXwithout any artifacts orags compared to the input sample as a function of stellar mass. Groups of similar ages
were combined to avoid issues due to small number statistics. In the NUV, higher-mass stars with a rsatfiituele in the nonlinear regime, were considered
instead as lower limits. The low return of Hyades and Praesepe members in the FUV is due to thefaittsterdistances of 47 pc and 177 pc, respectifen
Leeuwen2009.

Table 2
Number of K Stars in Each Group or Cluster
Group Cluster Age Input Observed in NUV Detected in NUV Observed in FUV Detected in FUV Detected in X-Ray
(Myr) Sample byGALEX by GALEX by GALEX by GALEX by ROSAT
TWA 10+ 3(9) 4 3 2 2 2 4
Beta Pic 24+ 3 (b) 30 21 19 16 15 27
Columba 42 ¢ (a) 14 11 10 10 5 4
Carina 45 11 (a) 3 1 1 1 1 3
Tuc-Hor 45+ 4 (a) 26 25 24 24 22 20
AB Dor 149 %5 (a) 12 11 6 10 10 12
Ursa Major 414+ 23(c) 12 7 3 7 7 8
Praesepe 60() 133 52 49 62 17 0
Hyades 625 50 (e) 169 110 97 92 30 52
Field 5000 310 229 169 211 152 107

References(a) Bell et al.(2015, (b) Shkolnik et al.(2017), (c) Jones et al(2015 2017, (d) Kraus & Hillenbrand(2007), (e) Perryman et al(1997.

Doradus (149 3sMyr; Bell et al. 2019, Ursa Majoris Malo et al. (2013 for Carina, Columba, and AB Doradus;
(414+ 23 Myr; Jones et al2015 2017, Praesep€600 Myr; Kraus et al.(2014 for Tucana-Horologium; Montes et al.
Kraus & Hillenbrand 2007, and Hyades(625+ 50 Myr; (2007 for Ursa Major; Wang et al1995 for Praesepe; and
Perryman et al1997. In addition, we dene a eld star Goldman et al(2013 for the Hyades. Due to the low number
sample as K stars within 30 pc to which we assign an age ofof K star members in some of the age ranges, we combined
5 Gyr. The sample was drawn from SIMBAD and coned groups of similar age ranges to calculate the median and inner
individually to not be close binaries or known association quartiles for each age bin, as seen in Figdrasd 2.
members.

Taking into account the wide range of ages in this study, we 3. GALEX Photometry

must consider how similar spectral types represent different \ye ¢ross referenced proper-motion-corrected coordinates of
masses over various ages. Using the effective stellar tempergs,, sample toGALEX using the GALEXiew toof with a
tures in Pecaut & Mamaje2013 and the model isochrones  gagrch radius of 10 The NUV (1771-2831A) and FUV

from Baraffe et al(2015, we determine mass estimates for the (1344-1786A) detectors have a nonlinear response at 104
spectral types used in this work following TallleWe used counts §* and 34 counts ¥, respectively, equivalent to a

masses from 0.6 to 0Mle but allowed one spectral subtype mgagnitude of 15 for both NUV and FUV. Measured
lower and higher to account for spectral type uncertainty.

The YMG members were idengd by Gagné et a(2017)
for TW Hydra; Shkolnik et al.(2017 for Beta Pictoris; 4 https/ galex.stsci.edigalexview
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Table 3
Observed Flux Densitids, uxesf, and Model Photospheric Flux Densitie®f the Stars Used in This Analysis
Namé R.A. Decl. Mass Dist. FJ b FNUV Nuv FFUV Fuv fxv ~
2MASS 2MASS M) (p9 ( Iy (I ( Iy ( Iy (I (Jy) (erg cnr?s>Y)
TW Hydra, 10 Myr
J110151983442170 11 01 51.9052 S$34 42 17.033 0.61  60.09 1.12E 6.13E >9.29E+ 03 6.79E 9.20E 5.13E-04 2.36E-
+07 +06 +01 +04+ 1.85E-03 10+ 1.70E-11
J114824233728491 11 48 24.2227 $37 28 49.114 0.75 76.38 3.12E 2.03E 1.44E 9.29E 1.55E 6.47E-04 1.65E-
+07 +07 +04 + 6.60E+02 +01 +03+ 4.04E+ 02 10+ 2.56E-11
J121530733948426 12 15 30.7230 S39 48 42.594 0.68 53.11 2.43E 1.80E 4.14E 7.05E —* — L 8.16E-
+07 +07 +03+ 2.41E02 +01 11+ 1.32E-11
Beta Pictoris, 23 Myr
J00233468+ 2014282 00 23 34.6661 +20 14 28.637 0.71 63.15 3.53E 1.18E 7.73E 6.70E —+ — L 6.59E-
+07 +07 +03+ 4.20E+02 +01 11+ 8.22E-12
J01373940+ 1835332 01 37 39.4099 +18 35 33.259 0.89 52.15 2.71E 3.24E >3.75E+ 03 3.07E 4.76E 7.19E-03 1.62E-
+07 +07 +04 +04+ 1.02E+03 10+ 9.06E-12
J02272924+ 3058246 02 27 29.2543 +30 58 24.596 0.74 41.05 1.91E 1.29E 5.38E 8.24E 5.29E 1.10E-03 6.49E-
+07 +07 +03+ 1.25E+02 +01 +02+ 6.08E+01 11+ 4.98E-12
J0230323$4342232 02 30 32.4110 543 42 23.383 0.78 52.64 2.74E 1.44E 7.60E 1.10E 4.01E 8.41E-04 4.82E-
+07 +07 +03+ 2.48E+02 +02 +02+ 9.80E+01 11+ 5.61E-12
J023046284343493 02 30 46.245 S43 43 49.55 0.72 52.84 9.75E 1.21E 1.20E 7.18E 1.81E 8.88E-04 —+ —
+06 +07 +03+ 1.10E+02 +01 +02+ 6.84E+01
J02412589% 0559181 02 41 25.88830 +0559 18.4211 0.74 44.44 2.17E 1.29E 7.01E 8.24E 8.17E 1.10E-03 8.19E-
+07 +07 +03+ 1.24E+02 +01 +02+ 6.92E+01 11+ 7.36E-12
CD-57 1054 05 00 47.1298 $57 15 25.453 0.52 26.90 1.68E 7.11E 2.60E 2.37E 4.22E 3.26E-05 3.19E-
+07 +06 +03+ 6.68E+01 +01 +02+ 4.68E+01 11+ 1.56E-12
J05200029+ 0613036 0520 00.291 +06 13 03.57 0.83 97.51 2.82E 1.71E 8.22E 1.92E —* — L 5.55E-
+07 +07 +03+ 1.58E 03 +02 11+ 1.12E-11
J05203182 0616115 05 20 31.8236 +06 16 11.589 0.83 97.26 3.02E 1.71E 7.59E 1.92E —+ — L 9.79E-
+07 +07 +03+ 1.80E+03 +02 11+ 1.39E-11
J061828287202416 06 18 28.2077 S72 02 41.447 0.72 39.26 2.39E 1.21E 1.17E 7.18E 1.03E 8.88E-04 1.29E-
+07 +07 +04 + 1.66E 02 +01 +03+ 6.81E-01 10+ 3.74E-12
HIP 50156 10 14 19.17664 +21 04 29.554 0.52 23.40 1.29E 7.11E 2.30E 2.37E 4.31E 3.26E-05 2.11E-
+07 +06 +03+ 8.14E+01 +01 +02+ 6.82E+01 11+ 1.60E-12
J10593870+ 2526138 10 59 38.6780 +25 26 13.712 0.78 21.32 1.61E 1.44E 7.50E 1.10E 1.16E 8.41E-04 —* —
+07 +07 +03+ 1.10E+02 +02 +02+ 2.28E+01
J141421481521215 14 14 21.35665 $152121.7551 0.78 28.96 1.43E 1.44E 4.29E 1.10E 8.51E 8.41E-04 4.81E-
+07 +07 +03+ 9.54E 01 +02 +02+ 9.19E-01 11+ 3.15E-12
J16430128 1754274 16 43 01.2956 S$17 54 27.539 0.52 71.05 1.34E 7.11E 3.34E 2.37E <1.19E+03 3.26E-05 4.06E-
+07 +06 +03+ 2.41E-02 +01 11+ 8.69E-12
J1911446% 2604085 19 11 44.670 526 04 08.85 0.83 59.07 3.26E 1.71E 1.31E 1.92E 7.05E 7.19E-03 5.65E-
+07 +07 +04 + 3.89E 02 +02 +02+ 1.48E-02 11+ 9.46E-12
J211004651920302 2110 04.614 $19 20 30.21 0.74 34.27 7.96E 1.29E 7.67E 8.24E 2.89E 1.10E-03 4.71E-
+06 +07 +02+ 5.52E 01 +01 +02+ 4.78E-01 11+ 4.28E-12
J212124466654573 21 21 24.49374 566 54 57.3788 0.93 31.98 2.52E 2.47E 1.80E 5.94E 7.02E 2.10E-02 4.43E-
+07 +07 +04+ 1.37E 02 +02 +02+ 4.61E-01 11+ 4.31E-12
TYC 2211-1309-1 22 00 41.5840 +27 15 13.535 0.62 35.56 7.62E 9.14E 2.81E 3.90E <5.77E-01 1.65E-04 2.18E-
+06 +06 +03+ 8.17E 01 +01 11+ 2.13E-12
J224248967142211 22 42 48.9342 $71 42 21.190 0.78 36.66 8.41E-04
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Table 3
(Continued
Namé R.A. Decl. Mass Dist. Fj b Fnuv Nuv Feuv Fuv f)g ~
2MASS 2MASS M:)  (po) () (Jy) (Jy () (Jy) (Jy) (erg cn??s°Y)

1.64E 1.44E 5.77E 1.10E 7.36E 7.73E-

+07 +07 +03+ 4.24E-01 +02 +02+ 6.36E-01 11+ 6.37E-12
BD-13 6424 2332 30.8613 S12 15 51.476 0.62 27.37 1.25E 9.14E 2.11E 3.90E 3.15E 1.65E-04 3.83E-

+07 +06 +03+ 8.80E-00 +01 +02+ 4.62E 00 11+ 2.81E-12
Note.

& Names starting with J are 2MASS objects.
(This table is available in its entirety in machine-readable jorm.
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Table 4

Fits tolog(y) ntlog(®)  bin Logarithmic Space
log(x) log(y) Subset Slopém) Intercept(b) R? No?2
(' Jy or Myn ()
NUV Excess FUV Excess 0-8.6 Mg 0.784+ 0.177 $0.107+ 0.594 0.399 6
NUV Excess FUV Excess 0:6.7 M 1.086+ 0.039 $1.387+ 0.120 0.493 61
NUV Excess FUV Excess 0-0.8 M 0.583+ 0.025 0.033t 0.091 0.328 75
NUV Excess FUV Excess 0:8.9 M 0.463+ 0.074 0.605: 0.297 0.124 27
NUV Excess FUV Excess 0-2 Me 0.231+ 0.123 1.750t 0.502 0.061 5
NUV Excess FUV Excess All 0.668 0.016 $0.174+ 0.056 0.418 174
X-ray NUV Excess All 0.36& 0.009 $6.888+ 0.097 0.281 110
X-ray FUV Excess All 0.66% 0.012 $4.717+ 0.130 0.745 130
Age NUV Excess 10150 Myr 0.003+ 0.472 $10.635+ 0.836 0.000 3
Age NUV Excess 150 Mw5 Gyr $0.536+ 0.343 $9.498+ 0.976 0.877 3
Age FUV Excess 18625 Myr $0.266+ 0.257 §11.280+ 0.495 0.968 4
Age FUV Excess 625 Mys5 Gyr $0.987+ 0.426 $9.275+ 1.414 1.000 2
Age X-ray 16-150 Myr $0.424+ 0.467 $9.612+ 0.746 0.981 3
Age X-ray 150 My+5 Gyr $0.923+ 0.285 §8.522+ 0.881 0.999 3
Note.

& Number of data points used in eadh

magnitudes less than 15 were thus taken as lower limits.
Additionally, we excluded detections with photometrigs
for bright star window reection, dichroic reection, detector

contamination that was not caught by tregs. A comparison

observed byGALEX and were then resolved with no
photometric ags for each band can be seen in Tablkend

Figure3.

The PHOENIX stellar atmosphere modg@tsuschildt et al.

1997 Short & Hauschild2005 were used to calculate the
photospheric NUV and FUVux densities of each K star in our
run proximity, or bright star ghost. We visually inspected the sample using the stellar masses derived in Thkled the age
GALEXtiles for each observation to ensure that there was noof the star. The evolution of the NUV and FUV photospheric
model ux densities for select masses from 0.6 toNd.9with

of the number of objects that were in our input sample, a reference 1M, can be seen in Figurd. As the mass

increases, the photospheric contribution becomes greater. For

each mass, the photospheric contributions become nearly
constant after the age at which contraction onto the main

In the NUV, the higher-mass objects were less likely to have sequence has ended, as the temperature of the star does not
usable photometry, as they were too bright for reliable signi cantly change after the pre-main-sequence evolution
photometric measurements. This is due to the more massiv@luring the ages used in this stu@igure5).
stars being intrinsically brighter and saturating the detector. For Figure6 shows the fraction of the photospherigx density
the Hyades and Praesepe clusters, the low fraction of detectionsompared to the absolute observed values for the YMG
is most likely due to their distance@7pc and 177pc, members andeld stars as a function of both mass and age. The
respectively; van Leeuwe2009. NUV has a higher fraction of photosphere compared to

For some objects there were multiple observations withobserved ux, with most of the contribution being between
multiple exposure times, in which case we took the weighted 109 and 100%. Values reported that were larger than 100% are
mean of the magnitude as our measurement and the weightegue to uncertainties in both the mass and age of the star and
standard dev!ations as our uncertainty. All of the photometrywere taken to be 100% photospheric. The photospheric FUV
can be seen in Tabl ux density was typicallx 1%. For both the NUV and the

For the objects that were observed but not detected, weryv we see a decrease in photospherig with decreasing
calculated an upper limit for the object by repeating the searchmass, although this trend is much steeper for the FUV, where
with a 10 radius and proceeding using the method described inthe photospheric contribution becomes negligible. With
Schneider & ShkolniK2018. The objects that were measured ncreasing age, we see an increase in photospheric contribution
with a magnitude< 15 were taken as upper limits. These were gqually for both NUV and FUV ux densities.
then addressed in the same manner as the detections. For each of the YMG members aneld stars, we subtract
the photospheric contribution derived from the PHOENIX
models from the absolute observ&dLEX ux densities to
calculate the excess emission, representative of upper atmos-
phere activity.

4. Evolution of the Photospheric UV Emission

One of the goals of the HAZMAT program is to provide
measurements of FUV and NUMux densities for low-mass
stellar models. Most low-mass stellar atmosphere models predict
photospheric emission only and do not contain qontributions from 5. Evolution of the Observed NUV and EUV Emission
the stellar upper atmosphere, legdo an underestimate of stellar
photospheric emission. Work is being carried out to include With the second data release G&ia (Gaia Collaboration
contributions from these regiore., Peacock et al2015 et al.2018), accurate distances to all objects in our sample are
Fontenla et al2016, but observations are needed to fully inform available. Therefore, we investigate the absdBA& EXNUV
these models with empirical data in the NUV and FUV. and FUV ux densities rather than analyzing them relative to
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photospheric ux density, whereas the temperat(aed thus the photosphericix density of main-sequence stars is fairly constant.

the Two Micron All-sky Survey(2MASS) J band, such as in where mga ex IS the GALEX FUV or NUV magnitude.

Shkolnik & Barman(2014 and Schneider & Shkolnif2018. These values were then translated to absoluxes using the

To explore the evolutionary trends, we convert @RLEX known distances frofGaia Data Release @aia Collaboration
reported magnitudes taux densities in Jy using et al. 2018. Because we are interested in the excess UV
e 1 23.9 mosex (D contribution from the K stars, we calculated the photospheric

contribution using the PHOENIX models as described in
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Figure 7. Absolute NUV (left) and FUV (right) excess ux density(i.e., photosphere-subtracie@he cyan diamonds represent the median value of the detections,
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triangles. Ages have been moved from abscissa for clarity. Typical errors are smaller than the markers.

Section 4 and subtracted these from theux density

calculations reported IBALEX

Figure7 shows the evolution of the excess NUV and FUX
densities as a function of age. Both the NUV and FUV decrease invariation and perhaps initial spin rate, which has been shown to

remain constant up until 625 Myr and then distinctly drop off, we

see a more gradual decrease in time starting at 100 Myr in the

FUV. The wide spread comes from intrinsic astrophysical

time. The slope of the decrease is much more gradual for thecause large spreads in the X-ray thuthe bimodal distribution of
NUV than that of the FUV and the values obtained for early-M stellar rotation in young opestusters for solar-like stafGondoin
2017 2018. Additionally, the uncertainty in stellar ages beyond

stars in Shkolnik & Barmaf2014 and mid- to late-M stars in
Schneider & ShkolniK2018. Unlike both Shkolnik & Barman
(2019 and Schneider & Shkolni2018 where the median values

the age of the Hyades may cause increased variation among the
eld stars.
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Figure 8. Histogram of NUV excessux densities. Median values are shown Figure 9. Same as Figur8, but for FUV excess ux density. Median values

by cyan dashed lines. The yellow areas represent the inner quartiles. Uppeare shown by cyan dashed lines. The yellow areas represent the inner quartiles.
limits are shown in white and lower limits in gray. The negativenity values Upper limits are shown in white and lower limits in gray.

are stars with zero excess.

Figures8 and9 show the distribution of the NUV and FUV 5.1. Mass Distributions

excess ux for the different age groups. The scatter in the FUV  Figurel0is the same as Figuie but is broken down by mass
ranges from 1.5 to 3 orders of magnitude, similar to Shkolnik & group. In both the NUV and FUV, we see that, in general, all
Barman(2014). Shkolnik & Barman(2014 and Schneider &  three mass groups follow the trends of each other. This is counter
Shkolnik(2018 see a change in the median FUV value of about to the trends seen in Schneider & Shkol(2@19, where the late-
1.5 orders of magnitude for stars with masses-0.85Me, M stars remain active much longer than early-M stars. Even
whereas for the K stars we see a shift of only 1 order of though the higher-mass stars have a larger contribution from
magnitude. For the NUV, the scatter ranges from 1 to 4 orders othe photosphere that is being sabted off to yield the excess, the
magnitude, with the scatter increasing for the older age groupsintrinsic ux of the higher-mass stars is large enough that the
The slopes of the NUV and FUV exceasx density versus age  excess ux is still largest for higher-mass stars throughout most of
curves are found in Table These trends can be used to predict the evolutionary period. However, once the stars reatthage,

ux densities and their ranges for K stars in the NUV and FUV the photospheric contribution becomes so large that most of the
bands. excess ux for higher-mass stars approaches zero.
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