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A B S T R A C T 

Magnetic activity and rotation are related to the age of low-mass main-sequence stars. To further constrain these relations, we 
study a sample of 574 main-sequence stars members of common proper motion pairs with white dwarfs, identified thanks to 

Gaia astrometry. We use the white dwarfs as age indicators, while the activity inde x es and rotational velocities are obtained 

from the main-sequence companions using standard procedures. We find that stars older than 5 Gyr do not display H α nor 
Ca II H&K emission unless they are fast rotators due to tidal locking from the presence of unseen companions and that the 
rotational velocities tend to decrease over time, thus supporting the so-called gyrochronology. Ho we ver, we also find moderately 

old stars ( � 2–6 Gyr) that are active presumably because they rotate faster than they should for their given ages. This indicates 
that they may be suffering from weakened magnetic braking or that they possibly evolved through wind accretion processes in 

the past. The activity fractions that we measure for all stars younger than 5 Gyr range between � 10 and 40 per cent. This is line 
with the expectations, since our sample is composed of F, G, K, and early M stars, which are thought to have short ( < 2 Gyr) 
activity lifetimes. Finally, we observe that the H α fractional luminosities and the R 

′ 
HK 

inde x es for our sample of (slowly rotating) 
stars show a spread ( −4 > log( L H α/ L bol ); log( R 

′ 
HK 

) > −5) typically found in inactive M stars or weakly activ e/inactiv e F, G, K 

stars. 

Key words: (stars:) binaries: general – stars: activity – stars: low-mass – (stars:) white dwarfs. 
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 I N T RO D U C T I O N  

agnetic field generation and angular momentum evolution are of 
undamental importance to understand the physical properties of 
ow-mass main-sequence stars. These processes have been studied 
 v er sev eral decades and the current picture can be summarized as
ollows. 

In partially conv ectiv e stars of spectral types late F, G, K, and
arly M, magnetic fields arise due to a combination of differential 
otation and convection, the so-called � and α ef fects, respecti vely 
Parker 1955 ; Leighton 1969 ; Spiegel & Zahn 1992 ; Charbonneau
005 ; Browning 2008 ). This α − � dynamo is thought to generate 
he magnetic fields at the tachocline (the transition region between 
he radiative and convective zones) of these stars. On the other hand,
ully conv ectiv e stars of spectral types later than � M3 do not have
 tachocline and are thought to rotate as rigid bodies (Barnes et al.
005 ); hence, an α2 dynamo is expected to generate the magnetic 
elds in these stars (Raedler et al. 1990 ; Chabrier & K ̈uker 2006 ).
 E-mail: alberto.rebassa@upc.edu 
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 γ 2 dynamo, based only on the turbulent cross-helicity effect, can 
lso explain the generation of magnetic fields in fully conv ectiv e
tars (Pipin & Yokoi 2018 ). 

Observationally, it has been found that for partially conv ectiv e 
tars the efficiency of magnetic field generation, which results in 
igher levels of magnetic activity, is strongly correlated with the 
ossby number, defined as R 0 = P rot / τ 0 , where P rot is the rotational
eriod and τ 0 is the conv ectiv e o v erturn timescale (Noyes et al. 1984 ;
arraffo et al. 2018 ). Thus, for a fixed τ 0 , stars that rotate faster
isplay more signs of magnetic activity at their surfaces (Wilson 
966 ; Kraft 1967a ; Hartmann & Noyes 1987 ). This connection
etween rotation and the efficiency of generating magnetic fields 
s also expected for fully convective stars (Durney & Stenflo 1972 ;
habrier & K ̈uker 2006 ; Shulyak et al. 2017 ; Wright et al. 2018 ),
lthough some observational studies point out that this does not have
o be necessarily the case (e.g. West & Basri 2009 ). In particular,

ohanty et al. ( 2002 ) and Reiners & Basri ( 2010 ) found no clear
orrelation between rotation and activity for ultracool M stars of 
pectral types M7–9.5 and Kiman et al. ( 2021 ) suggest a decreasing
ctivity trend for M7 stars. It has to be also emphasized that,
ven though a faster rotation generally implies higher signs of 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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telescopes, see Rebassa-Mansergas et al. ( 2021 ) for details on the observations 
and their data reduction. 
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agnetic activity, both the strength of the magnetic fields and the
-ray emission of the stars saturate at R 0 � 0.1 (Pizzolato et al.
003 ; Reiners, Basri & Browning 2009 ; Astudillo-Defru et al. 2017 ;
agaudda et al. 2020 ; Pineda, Youngblood & France 2021 ). 
Given that low-mass main-sequence stars suffer from magnetic

raking in which angular momentum is extracted from the conv ectiv e
nvelope and lost through a magnetized wind, their rotational periods
ecrease in time (Skumanich 1972 ; Mestel 1984 ; Mestel & Spruit
987 ; Kawaler 1988 ; Sills, Pinsonneault & Terndrup 2000 ; West
t al. 2008 ; Meibom et al. 2015 ). The time-scales at which the
otational periods decrease have been observed to significantly
hange depending on the mass of the star. Thus, the rotational
raking is considerably faster for partially conv ectiv e stars than
or fully conv ectiv e stars (Reiners & Basri 2008 ; Browning et al.
010 ; Schreiber et al. 2010 ; Zorotovic et al. 2016 ) and lower-mass
artially conv ectiv e stars spin do wn slo wer than higher-mass stars
Barnes 2003 ; Barnes & Kim 2010 ). Ho we ver, it is not clear yet
hat physical mechanisms are behind this disruption of magnetic
raking for fully conv ectiv e stars. Some studies suggest a change in
he magnetic field topology (Donati et al. 2008 ; Morin et al. 2008 ;
einers & Basri 2009 ; Morin et al. 2010 ; R ́eville et al. 2015 ) or a
rop in radius (Reiners & Mohanty 2012 ) as possible causes. Due to
he strong correlation between rotation and activity, age and activity
re correlated too (Houdebine et al. 2017 ), and it is expected that the
ctivity lifetimes (i.e. the time a star is magnetically active) of fully
onv ectiv e stars are considerably longer than of partially conv ectiv e
tars, a hypothesis that seems to be confirmed by observations (e.g.
est et al. 2008 ; Rebassa-Mansergas, Schreiber & G ̈ansicke 2013a ).
o we ver, it has to be emphasized that measuring stellar ages, and
ence activity lifetimes, is a difficult endea v our subject to substantial
ncertainties (Soderblom 2010 ; Anguiano et al. 2010 ). 
Dating low-mass main-sequence stars to study the age-activity

elation relies (1) on the analysis of the Ca II H&K lines as a proxy
f age (Mamajek & Hillenbrand 2008 ; Pace 2013 ), (2) on their
inematic properties (Zhao et al. 2015 ; Newton et al. 2016 ; Angus
t al. 2020 ; Yuxi et al. 2021 ), (3) on asteroseismology (Metcalfe
t al. 2012 ; Chaplin et al. 2014 ; Silva Aguirre et al. 2017 ; Booth
t al. 2020 ), (4) on using the X-ray emission as an age estimator
Mamajek & Hillenbrand 2008 ; Maldonado et al. 2010 ); (5) on the
resence of lithium in the spectra to date young stars (Guti ́errez
lbarr ́an et al. 2020 ); and (6) on isochrone fitting (Angus et al.
019 ). Using the rotation of a given star to derive its age, the so-called
yrochronology, is also a widely used technique to estimate stellar
ges (Epstein & Pinsonneault 2014 ; Angus et al. 2015 ). Ho we ver,
here exists evidence that stars that are halfway through their main-
equence lifetimes suffer from weakened magnetic braking and, as
 consequence, are anomalously rapidly rotating (van Saders et al.
016 ; Hall et al. 2021 ). Since only stars that are younger than 1 Gyr
ave been used as calibrators (Barnes 2010 ; Garc ́ıa et al. 2014 ; Angus
t al. 2015 ), the technique of gyrochronology should be used with
aution for stars that are more evolved than the Sun, unless weakened
agnetic braking is taken into account (Sadeghi Ardestani, Guillot &
orel 2017 ; Metcalfe et al. 2020 ). 
To provide additional observational inputs, in this work we study

he age-rotation-activity relations using binaries consisting of a
ow-mass main-sequence star and a white dwarf (hereafter WDMS
inaries). This approach relies on measuring accurate ages from the
hite dwarfs. To that end one requires measuring the cooling ages

nd masses of the white dwarfs, which together with an initial-to-
nal mass relation (e.g. Catal ́an et al. 2008 ; Cummings et al. 2018 ;
arrientos & Chanam ́e 2021 ), allows determining the main-sequence
rogenitor masses and their lifetimes (Fouesneau et al. 2019 ; Qiu
NRAS 526, 4787–4800 (2023) 
t al. 2020 ; Lam et al. 2020 ). This alternative way of analysing the
ge–rotation–activity relation for low-mass main-sequence stars has
een explored in the past by Morgan et al. ( 2012 ), by Skinner et al.
 2017 ), and by our own group (Paper I; Rebassa-Mansergas et al.
013a ) via analysing WDMS binaries identified within the Sloan
igital Sky Survey (SDSS; Rebassa-Mansergas et al. 2010 , 2012 ,
013b , 2016a ). Unfortunately, despite being the most numerous
nd homogeneous sample of (spectroscopic) WDMS binaries, the
DSS catalogue suffers from important selection effects (Rebassa-
ansergas et al. 2010 ). For instance, white dwarfs cooler than
 10 000 K are clearly underrepresented. This effect considerably

educes the range of studied white dwarf cooling times and biases the
ample against larger ages. Moreo v er, the main-sequence compan-
ons are typically M dwarfs, which implies F, G, and K stars cannot be
nalysed and therefore assigned an age. The moti v ation of the study
resented here is to surpass these limitations by analysing a sample of
DMS binaries in common proper motion pairs (CPMPs), identified

hanks to Gaia astrometry. Since the two stars are widely separated
hey are expected to have evolved a v oiding mass transfer episodes.
o we ver, it is possible that the main-sequence companions may have

ccreted material from the white dwarf progenitors via stellar winds,
hus gaining angular momentum (Jeffries & Stevens 1996 ; Boffin
015 ), which may alter the expected age–rotation–activity relations
Zurlo et al. 2013 ; Leiner et al. 2018 ; Bowler et al. 2021 ; Gratton et al.
021 ). In any case, they can be independently observed, which allows
argeting both cooler white dwarfs and higher mass main-sequence
tars. 

 T H E  W D M S  BI NARY  SAMPLE  

n Rebassa-Mansergas et al. ( 2021 ), we provided a catalogue of
415 common proper motion pairs (CPMPs) formed by a white
warf and a main-sequence star, identified within the second data
elease of Gaia (Gaia Collaboration et al. 2018 ). We also performed
igh-resolution spectroscopic observations 1 of 235 main-sequence
ompanions to derive their [Fe/H] abundances, which together with
he total ages derived from the white dwarf primaries allowed us to
onstrain the age–metallicity relation in the solar neighbourhood.
iven that the primary aim of that work was to measure the

Fe/H] abundances of the companions, our follow-up observations
ocused on F, G, K, and early-type M dwarfs, thus excluding
 dwarfs of ef fecti ve temperatures under � 3000 K for which it

ecomes extremely challenging to derive metallicites. Thus, the
resent sample of observed targets clearly lacks objects containing
ully conv ectiv e (intrinsically fainter) companions and comprises
bjects that are brighter and closer to the Sun as compared to the
ntire catalogue of 4415 CPMPs (see Fig. 1 ). To this sample of 235

DMS CPMPs, we add in this work 427 pairs that were either part
f our follow-up high-resolution observations but have no [Fe/H]
bundance determinations due to the lack of convergence in the fits
115 objects) or had av ailable lo w/medium resolution spectra from
AMOST (Large Area Multi-Object Spectroscopic Telescope; Cui
t al. 2012 ) data release 8 (312 objects). Thus, our total initial sample
f study in this work consisted of 662 WDMS CPMPs for which the
ain-sequence companions have available spectra obtained from our

igh-resolution spectroscopic follo w-up observ ations and/or from
AMOST DR8. 
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Figure 1. Distance and main-sequence star Gaia G magnitude for the entire 
sample of CPMPs from Rebassa-Mansergas et al. ( 2021 ) (black) and for those 
that were followed-up for high-resolution observations (grey). 

Figure 2. Gaia G abs versus Bp–Rp diagram for single white dwarfs and 
main-sequence stars within 100 pc (grey dots), for our initial WDMS CPMP 
sample (red plus black solid dots) and for our final sample to be analysed in 
this work (black solid dots) after excluding 85 giant stars and main-sequence 
stars abo v e the Kraft break (red solid dots). 
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The Gaia M G versus Bp–Rp diagram for these targets is illustrated 
n Fig. 2 . Inspection of the figure reveals that a few giant stars are
ncluded in our sample, and also the presence of stars abo v e the Kraft
reak (i.e. the limit of outer conv ectiv e env elope and occurrence of
able 1. In this table, we provide the number of WDMS binaries that are part of 
otal ages, with available main-sequence rotational velocities, with available main
ach subsample, we also indicate the number of objects that pass the cuts we impl
og ( L H α / L bol ) uncertainties lower than 0.75) and of those, which ones are formed by
ith errors lower than 120 K) or by FGK stars (ef fecti ve temperature higher than
arameters derived in this work for each object are given in a supplementary mater

Full sample Sample with ages Sample with

otal number 574 431 195
ass cut 515 201 102
re M dwarfs 201 76 0 
re FGK stars 314 125 102
ignificant chromospheric activity; Kraft 1967b ), which corresponds 
o an ef fecti ve temperature of � 6200 K, or M G � 3.8 mag (Pecaut &

amajek 2013 ). Therefore, we excluded these 85 giant and hot
ain-sequence stars by simply considering companions with M G < 

.8 mag, thus reducing our total sample to 574 CPMPs (see Table 1 ).
he coordinates of the 574 objects, the telescope used in each case
nd the parameters obtained throughout this work are provided in a
upplementary table, available in the online version of the paper. 

.1 Orbital separations 

s we have already mentioned in the introduction, the possibility 
xists that the progenitors of the white dwarfs in our selected WDMS
inaries transferred material to the secondary stars via stellar winds 
n the past, when the orbital separations were shorter. This could
ave increased the rotation of the current main-sequence companions 
o the white dwarfs, therefore affecting the expected age–rotation–
ctivity relations (Zurlo et al. 2013 ; Leiner et al. 2018 ; Bowler
t al. 2021 ; Gratton et al. 2021 ). To explore this possibility, we
stimated the projected orbital separations of our 574 CPMPs from 

heir Gaia positions, which are shown in the top-left panel of Fig. 3 .
ssuming that the orbits adiabatically expanded by a maximum 

actor of M prog / M WD (Jeans 1924 ) – where M WD is the white dwarf
ass and M prog its progenitor mass – we expect minimum initial 

rbital separations 2–5 times shorter (depending on the white dwarf 
ass) than the current ones, according to typical initial-to-final mass 

elations (e.g. Catal ́an et al. 2008 ; Cummings et al. 2018 ). Given
hat there is a non-negligible fraction of systems with current orbital
eparations up to � 1000 au, we conclude it is likely that a fraction
 � 2–8 per cent) of WDMS binaries in our sample may have suffered
rom wind accretion episodes in the past. 

.2 Total ages 

iven that not all the white dwarfs in our sample of study have
vailable spectra, we derived the total ages in an homogeneous way
rom their Gaia photometry. The ages of the 235 DR2 WDMS
PMPs with a vailable [Fe/H] ab undances from the companions 
ere already derived by Rebassa–Mansergas et al. ( 2021 ). The
ethod used basically interpolates the white dwarf Gaia G absolute 
agnitudes and Bp–Rp colours in the evolutionary sequences of 

he La Plata group (Althaus et al. 2015 ; Renedo et al. 2010 ;
amisassa et al. 2016 , 2019 ) at the corresponding metallicity (or

Fe/H] abundance) to derive both the white dwarf cooling ages and
heir main-sequence progenitor lifetimes. This approach of deriving 
otal ages as the white dwarf cooling plus main-sequence progenitor 
ifetime was tested by e.g. Garc ́ıa-Berro et al. ( 2013 ), Torres et al.
 2015 ), and Qiu et al. ( 2021 ), who derived the total ages of white
MNRAS 526, 4787–4800 (2023) 

the full sample, and that are part of subsamples with available white dwarf 
-sequence H α fractional luminosities and with available R 

′ 
HK inde x es. F or 

emented (age uncertainties under 1 Gyr, v rot sin i errors below 1 km s −1 and 
 M dwarfs (ef fecti ve temperatures lower or equal than 3800 K and associated 
 3800 K and associated with errors lower than 120 K). The coordinates and 
ial table. 

 v rot sin i Sample with L H α / L bol Sample with R 

′ 
HK index 

 527 111 
 340 111 

127 19 
 213 92 

ecem
ber 2024
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M

Figure 3. Distribution of projected orbital separations (top-left), ages (top-right; displaying only those values with errors less than 1 Gyr), main-sequence 
ef fecti ve temperatures (bottom-left), and rotational velocities (bottom-right; when available). 
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warfs in open and globular clusters and found them to be consistent
o those obtained from the main-sequence turn-off of the clusters.

oreo v er, using double white dwarfs or triple systems containing
t least two white dwarfs, Heintz et al. ( 2022 ) report that total
hite dwarf ages are generally reliable, especially for those with
asses abo v e 0.63 M �. This is in line with the results of F ouesneau

t al. ( 2019 ) and Moss et al. ( 2022 ), who calculated white dwarf
otal ages in the same way as in this work and found them to
e � 5–20 per cent precise. Unfortunately, this does not take into
ccount possible uncertainties due to the initial-to-final mass relation,
hich may introduce differences ranging from � 0.2 to � 2 Gyr (see
g. 2 of Rebassa-Mansergas et al. 2016b ). To a v oid this issue a
ample of high-mass white dwarfs in which the progenitor lifetime
s considerably shorter than the cooling age is required. 

In Rebassa-Mansergas et al. ( 2021 ), we assumed that all white
warfs had hydrogen-rich atmospheres (DA white dwarfs) and we
ook extinction into account using the 3D Stilism maps of Lallement
t al. ( 2014 ) and Capitanio et al. ( 2017 ). Here, we used the same
ethod to derive the ages with the difference that we searched

or available spectral types of the white dwarfs in our sample. The
pectral types were adopted as hydrogen rich if the probability to be
 DA measured from Jim ́enez-Esteban et al. ( 2023 ) for white dwarfs
ithin 100 pc was larger than 0.5. For those with a probability under
.5, we adopted the classification based on a random forest algorithm
rom Garc ́ıa-Zamora, Torres & Rebassa-Mansergas ( 2023 ), which
as developed to classify these (non-DA) systems within 100 pc into
Bs, DCs, DQs, and DZs. We complemented the search, especially
NRAS 526, 4787–4800 (2023) 

u

or white dwarfs with distances abo v e 100 pc, using the Montreal
hite Dwarf Database (Dufour et al. 2017 ). Thus, our sample

omprises 220 DAs, 15 DBs, 58 DCs, 9 DQs, 4 DZs, and 268
nclassified white dwarfs. We have employed the hydrogen-rich
volutionary models of Camisassa et al. ( 2016 , 2019 ) for DA white
warfs and all DC white dwarfs with Bp–Rp colours larger than 0.8
ag (which corresponds to ef fecti ve temperatures under � 5000 K),

he pure helium-atmosphere evolutionary models of Camisassa et al.
 2017 ) for DB white dwarfs, and the white dwarf models with
elium-atmospheres and carbon traces 2 that follow the so-called
arbon sequence enrichment of Camisassa et al. ( 2023 ) for DQ
hite dwarfs and for all DC white dwarfs with Bp–Rp < 0.8 mag.
o ages were calculated for those white dwarfs with DZ spectral

ypes. White dwarfs with no classification were considered to be
ydrogen-rich. There is a possibility that non-DAs exist among the
68 unclassified objects. They have Bp–Rp colours between � −0.3
nd � 0.9 mag, which correspond to ef fecti ve temperatures between
 20 000 and � 5 000 K for both hydrogen-rich and hydrogen-

eficient white dwarfs according to the cooling sequences. The
raction of non-DA white dwarfs goes from � 10 per cent at 20 000 K
o � 25 −35 per cent at 10 000–5 00 K (McCleery et al. 2020 ; L ́opez-
anjuan et al. 2022 ; Torres et al. 2023 ). Taking these values into
onsideration, we estimate that around 30 per cent of the unclassified
ltra violet wa velengths. 
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bjects ( � 85) are probably non-DAs. According to Camisassa et al.
 2017 ), cooling age differences between hydrogen-rich and helium- 
ich white dwarfs are lower than 0.2 Gyr, with hydrogen-rich white 
warfs being younger for a given effective temperature. The age 
iscrepancy may be further accentuated since the derived white 
warf masses slightly vary when using hydrogen-rich and helium- 
ich models, which implies the progenitor lifetimes change too. If 
he white dwarfs are of low-mass, the total age discrepancies can be
s high as 5–6 Gyr. This is the case when using DQ models too. 

It has to be emphasized that the evolutionary sequences we have 
sed do not provide total ages for white dwarfs that are less massive
han � 0.5 M �, since the progenitors of these objects require ages
onger than the Hubble time to evolve out of the main sequence and in
his case the use of an initial-to-final mass relation is not appropriate.
hus, for 432 of the 574 objects we managed to derive an age and,
mong these, 201 have age uncertainties of less than 1 Gyr. Since
he main moti v ation of this work is to constrain the age–rotation–
ctivity relation, we only considered the ages of these 201 objects 
n our analysis. Note that of these 201, 85 have no white dwarf type
lassification, therefore we expect the ages of � 30 per cent of those
 � 25 objects; i.e. � 12 per cent of the full sample with ages) not to
e fully reliable, as stated abo v e. The resulting age distribution is
llustrated in the top-right panel of Fig. 3 , where it can be seen that

ost of the systems have ages concentrated in the 1–4 Gyr bins. 
Finally, it is also important to note that for the objects that were

ot studied in Rebassa-–ansergas et al. ( 2021 ) we adopted a solar
bundance for the age calculation since the metallicites in these cases 
ere not known. According to the white dwarf evolutionary models 
sed in this work, which employ the progenitor lifetimes of Miller
ertolami ( 2016 ), 3 this assumption may imply progenitor lifetime 

hence total age) differences respect to those obtained assuming the 
olar metallicity value of up to � 1.5 Gyr for low-mass white dwarfs
 � 0.55 M �), with the average difference being 0.15 ± 0.4 Gyr o v er
he entire white dwarf mass range. Ho we ver, note that only 14 of the
01 white dwarfs with age determinations considered in this work 
ave masses below 0.57 M � and, as a consequence, we do not expect
his issue to considerably affect our results. Regarding the total age 
rrors, these were obtained directly from considering the parallax 
hence absolute magnitude) and Bp–Rp uncertainties. 

.3 Main-sequence star effecti v e temperatures 

he main-sequence stars in our CPMPs were observed by a wide 
umber of different telescopes and spectroscopic resolutions, and 
he spectra were subject to different signal-to-noise ratios. As a 
onsequence, in order to acquire an as homogeneous as possible 
ompilation, we used the Gaia photometry of each star rather than 
heir corresponding spectra to derive their ef fecti ve temperatures. 

e independently interpolated the extinction corrected G absolute 
agnitudes and the Bp–Rp colours in the updated tables of Pecaut &
amajek ( 2013 ) 4 to derive two effective temperature values for each

tar, which were then averaged to get a single measurement (the error
as considered as the standard deviation). The corresponding distri- 
ution is provided in the bottom-left panel of Fig. 3 . As expected, no
 These main-sequence lifetimes are consistent to those of Pietrinferni 
t al. ( 2004 ) and the theoretical initial-to-final mass relation employed is 
emarkably similar to the one by Catal ́an et al. ( 2008 ) for Z = 0.02 and 
imilar to the one by Cummings et al. ( 2018 ) for Z = 0.001. 
 https:// www.pas.rochester.edu/ ∼emamajek/ EEM dwarf UBVIJHK colors 
eff.txt
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ain-sequence stars can be found with ef fecti ve temperatures higher
han � 6200 K, which corresponds to the Kraft break, since these
bjects were excluded from our sample. Moreover, the majority of 
tars have ef fecti ve temperatures above 3000 K, as a consequence of
ur high-resolution follow-up observations prioritizing F, G, K, and 
arly M dwarf companions. 

.4 Main-sequence star rotational velocities 

he Mercator, TNG, and Xinglong spectra we obtained (Rebassa- 
ansergas et al. 2021 ) are of sufficient resolution to derive projected

otational velocities. To that end we used the Fourier transform (FT)
echnique (e.g. Gray 2008 ). Following Maldonado et al. ( 2022 ), we
sed three spectral lines at 6335.33 Å, 6380.75 Å, and 6393.61 Å for
he computations. The values obtained from the different lines were 
veraged into a single measurement, while the standard deviation 
as considered as the associated uncertainty. The dominant term in 

he FT of the rotational profile is a first-order Bessel function that
roduces a series of relative minima at regularly spaced frequencies. 
he first zero of the FT and the projected rotational velocity are

elated by 

 rot sin i = 

c 

λ
× k 1 

σ1 
, (1) 

here λ is the central wavelength of the considered line, c is the
peed of light, σ 1 is the position of the first zero of the FT, and
 1 is a function of the limb darkening coefficient ( ε). The term k 1 
an be approximated by a fourth-order polynomial degree (Dravins, 
indegren & Torkelsson 1990 ) 

 1 = 0 . 610 + 0 . 062 ε + 0 . 027 ε2 + 0 . 012 ε3 + 0 . 004 ε4 , (2) 

here we assume ε = 0.6 (see e.g. Gray 2008 ). 
We managed to derive projected rotational velocities for 195 stars 

nd the corresponding distribution is provided in the bottom-right 
anel of Fig. 3 . It reveals that the vast majority of the main-sequence
tars in our sample are apparently slow rotators ( V rot sin i < 6 km s −1 )
nd that the minimum detectable value is � 3 km s −1 . The typical
rrors are between 0.1 and 2 km s −1 with an average value of �
.2 ± 1 km s −1 , independently of the spectrograph used. 

.5 Main-sequence star radial velocities 

mission lines (e.g. H α) due to magnetic activity may arise not only
or main-sequence stars that are young in our sample, but also if they
re in close orbits with unseen companions and therefore forced to
otate fast due to tidal locking. It that was the case, we would detect
adial velocity variations. 

We derived the radial velocities from the TNG, Mercator, Xing- 
ong, and LAMOST medium resolution spectra of the main-sequence 
tars in an homogeneous way following Rebassa-Mansergas et al. 
 2007 ): we fitted the H α emission/absorption with a single Gaussian
lus a parabola. H α is the only suitable line sampled by the spectra
btained from all telescopes. For 287 of the 574 systems in our sample
e measured at least one radial velocity; for 107 two or more. For
05, the available velocities come from spectra separated by at least
ne night. We detected more than 3 σ radial velocity variation in 7
ystems ( � 6 per cent of the sample with more than one v elocity). F or
he 107 objects with more than one measurement, we show in Fig. 4
he absolute value of the radial velocity difference as a function of
he absolute value of the time difference between the heliocentric 
ulian date of the minimum and maximum velocities. 
MNRAS 526, 4787–4800 (2023) 
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Figure 4. The absolute value of the radial velocity difference as a function 
of the absolute value of the difference between the heliocentric Julian dates 
corresponding to the maximum and minimum radial velocities. Red solid dots 
indicate the seven stars displaying more than 3 σ radial velocity variation. The 
red star indicates this object displays H α in emission. 
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The seven stars displaying more than 3 σ variation are shown in
ed in Fig. 4 . These are J0227 + 6355, J0309 + 3340, J0314 + 3248,
0708 + 7831, J0804 + 1207, J1514 + 0157, and J1559 + 2528. Only
0708 + 7831, associated with a time difference of 72 d, displays H α

n emission (none display Ca II H&K emission). We do not derive
 reliable age for this object (Section 2.2 ); therefore, the emission
ight be a simple consequence of the star being young. The current

rojected orbital separation is estimated as 1991 au, indicating that it
s unlikely that wind accretion took place in the past. The remaining
 objects display H α in absorption and are all G and K dwarfs with
rojected orbital separations abo v e 1600 au, with the exception of
1514 + 0157 which has a separation of 680 au. Except perhaps for
1514 + 0157, the radial velocity variations might arise due to the
resence of hidden, nearby and less luminous M dwarf companions.
hat is, they are candidates for being hierarchical triple systems
omposed of an inner unresolved main-sequence binary and an outer
hite dwarf. Note that this is also a possibility for J0708 + 7831,
hich displays H α in emission. 

.6 Activity indicators 

e used two activity indicators to evaluate whether the main-
equence stars in our WDMS CPMPs are magnetically active or not.
he first was the presence of H α emission, through the measurement
f the equi v alent width of the line. The second was the presence of
a II H&K emission, via the analysis of the S HK index. 
We measured the H α equi v alent width (EW H α) following the
ethod described in Paper I. That is, we first fitted the flux in the

420–6700 Å range with a parabola. The fit, which excluded the H α

7 < λ < H α + 7 Å region, was then used to normalize the spectra.
he EW H α was measured from the normalized spectra within the
 α − 7 < λ < H α + 7 Å region and active stars were identified

rom the following criteria: 

NR ≥ 10 , (3) 

W H α ≤ −0 . 75 Å, (4) 

 EW H α| > 3 × | eEW H α| , (5) 
NRAS 526, 4787–4800 (2023) 
 > 3 × N cont , (6) 

here SNR is the signal-to-noise ratio of the spectra, the EW H α error
s eEW H α , h is the peak of the flux at H α abo v e the continuum, and
 cont is the noise at continuum level (see an example in Fig. 5 , middle

eft panel). We flagged as inactive stars those fulfilling equation 1
nd the inverted forms of equations (2)–(4) (see an example in Fig. 5 ,
op left panel). Those stars that did not pass the active or inactive
riteria (mainly due to the low SNR of their spectra) were not given
n activity index. 

Main-sequence stars with more than one available spectrum were
onsidered inactive when no emission was detected in any of the
pectra. Thus, the abo v e e x ercise resulted in 33 activ e and 525
nactive stars according to the detection of H α emission. The
emaining 16 objects had all their spectra of SNR under 10 and
e hence decided not pro vide an y activity classification. Visual

nspection of the spectra revealed that only � 3 per cent of the sample
as misclassified. In particular, 17 spectra were flagged as inactive
hilst visual inspection revealed mild H α emission (see an example

n Fig. 5 , bottom left panel). 
The S HK index is our second activity indicator, especially useful

or F, G, and K (hereafter FGK) stars since it is based on the
a II H&K doublet. It is defined as follows (Wilson 1968 , 1978 ;
aughan, Preston & Wilson 1978 ; Duncan et al. 1991 ; Baliunas
t al. 1995 ): 

 HK = β
H + K 

R + V 

, (7) 

here H and K are the inte grated flux es (or number of counts if
he spectra are not flux-calibrated) within 2 Å rectangular windows
round the Ca II H (3968.47 ± 1 Å) and Ca II K (3933.66 ± 1 Å) lines,
espectively; R and V are the inte grated flux es (or number of counts)
ithin 20 Å rectangular windows (i.e. continuum windows) to the

ight (3991–4011 Å) and left (3891–3911 Å) sides of the H&K lines,
espectively, and β is calibration constant. The choice of 2 Å rectan-
ular boxes for obtaining H and K follows Zhao et al. ( 2011 ), which
mplies β = 10 since the continuum windows are 10 times wider
han the H&K windows. To measure H, K, R, and V, the spectra were
reviously normalized. We considered first the sum of the fluxes at ten
ontinuum ranges (defined as 3881 ± 1 Å, 3891 ± 1 Å, 3901 ± 1 Å,
911 ± 1 Å, 3956 ± 1 Å, 3981 ± 1 Å, 3991 ± 1 Å, 4001 ± 1 Å,
011 ± 1 Å, and 4021 ± 1 Å) and fitted then these fluxes with a
econd-order polynomial, which was used to normalize the spectra. 

It has to be emphasized that the S HK index obtained here should
ot be directly compared to that from the original surv e y definition
Wilson 1968 ) since they employed triangular rather than rectangular
&K windows (although this effect is expected to be minor, see Hall,
ockwood & Skiff 2007 ) and also because the β constant is different.
o we v er, it perfectly serv es our purpose as an activity indicator. In

his sense, we selected all stars with an S HK value greater (smaller)
han 0.75 as active (inactive) stars (see examples in the middle and
op right panels of Fig. 5 , respectively). This threshold was obtained
y analysing the S HK inde x es of those stars that are active or inactive
ased on the H α emission of their spectra and resulted in 29 active
nd 157 inactive stars. Note that the number of stars with activity
ndicators provided by the S HK index is smaller than that with H α

mission indicators because (1) the LAMOST medium resolution
pectra do not co v er the Ca II H&K lines and (2) for several stars,
specially M dwarfs, the Ca II H&K lines were too noisy. Visual
nspection of the spectra revealed that in � 6 per cent of the cases
he abo v e e x ercise resulted in wrong classifications. In particular, 17
pectra with S HK index below 0.75 turned out to be active, 12 from
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Figure 5. Left-hand panels: example spectra of inactive (top; spectrum of J1217 + 3423 obtained by LAMOST with the medium resolution instrument), active 
(middle; spectrum of J0001 + 3559 obtained by LAMOST with the medium resolution instrument) and weakly active (bottom; J1014 + 6155, considered as active 
after visual inspection, obtained by the TNG, Telescopio Nazionale Galileo, with the HARPS-N spectrograph) objects based on the presence or lack of H α

emission. Right panels: example spectra (all obtained with the Mercator telescope equipped with the HERMES spectrograph) of inactive (top; J2328 + 1045), 
active (middle; J0221 + 5333) and weakly active (bottom; J0209 − 0140, considered as active after visual inspection) objects based on the presence or lack of 
Ca II H&K emission. The dashed red vertical lines indicate the position of the H α and Ca II H&K lines. 
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bserved by the TNG/HARPS-N and 5 by the Mercator/HERMES 

elescope/spectrograph. These two configurations yield very high 
esolution spectra (R = 115 000 and 85 000, respectively), which 
llows visually detecting weak chromospheric H&K emission (see 
n example in the bottom right panel of Fig. 5 ). 

After the abo v e e x ercises, we combined the H α and S HK indicators
o give a final activity flag to our stars. That is, if the two indicators
re available we considered a star as inactive if both classifications 
re inactive. A star was considered as active if at least one of the
ndicators classified the star as active. Thus, the final number of
cti ve/inacti ve stars in our sample is 49/509, i.e. an overall fraction
f active stars of � 10 per cent (see Section 3 for further discussions).

 FRAC TION  O F  AC TIVE  STARS  

e represent the fraction of active stars as a function of age in
ig. 6 . The top-left panel illustrates the fractions for the whole
ample, i.e. stars with activity inde x es available and with ages
ssociated with uncertainties under 1 Gyr. The top-right panel shows 
he same but considering only objects that were observed with high- 
esolution spectrographs, which allow detecting weaker emission 
ines. The comparison reveals that, as expected, the activity fractions 
 v erall increase when we consider high-resolution spectra, but the 
attern remains the same. In particular, the highest activity fraction 
orresponds to the younger bin and no stars displaying H α nor 
a II H&K emission in their spectra are found older than 5 Gyr.
he exception is J1634 + 5710, which turned out to be the well-
nown eclipsing main-sequence binary CM Dra (implying this is a 
ierarchical triple system formed by an inner main-sequence binary 
nd an outer DQ white dwarf companion) with an orbital period of
.27 d (Lacy 1977 ; Metcalfe et al. 1996 ; Morales et al. 2009 ) and an
ge of 8.5 ± 3.5 Gyr (Feiden & Chaboyer 2014 ), in agreement with
ur age deri v ation of 6.8 ± 0.4 Gyr from the DQ white dwarf. In this
ase, activity is enhanced due to the fast rotation of the M star rather
han by it being young. The lack of systems displaying emission lines
bo v e 5 Gyr is consistent with an upper limit to the probability that
 star is active of 2 per cent, within 1 σ . Even though the number of
uch old stars is only 25, this is a confirmation that young stars are
enerally more active presumably because they rotate faster and that 
elatively old stars do not appear to be magnetically active since they
ave been further exposed to magnetic braking (with the exception 
f stars that are members of close binaries). As expected, the activity
ractions gradually decrease until 3 Gyr, ho we ver at this point they
ncrease back, which is at odds with the idea that stars become less
ctive as they grow old. This feature can be understood as follows. 

Given that the lifetime of a main-sequence star depends on its mass
or ef fecti ve temperature), with increasing lifetimes for decreasing 
asses (Tuffs et al. 2004 , see their equations A.10), the spread

f ages at a given effective temperature increases with decreasing 
f fecti ve temperature. Thus, between 0.1 and 5 Gyr our sample is
 mix of stars at different effective temperatures, T eff , but with a
lear concentration of hotter objects ( T eff � 5000 K) at younger ages
 � 2 Gyr; see the bottom panels of Fig. 6 ). Since the activity lifetimes
re also a function of mass, with massive (and hotter) stars having
onsiderably lower activity lifetimes (West et al. 2008 ; Reiners &
ohanty 2012 ), the activity fractions abruptly decrease for ages in

he range of � 0.1–3 Gyr. The fact that hotter stars ( T eff � 5000 K)
re less common after � 4–5 Gyr, combined with the longer activity
MNRAS 526, 4787–4800 (2023) 
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Figure 6. Top panels: Activity fractions as a function of age for the entire sample of main-sequence companions to white dwarfs studied in this work (left 
panel) and for those stars that we observed with high-resolution spectrographs (right). The number of stars in each bin are indicated on the top of the panels. 
Bottom panels: the distribution of ef fecti ve temperatures per age bin (grey dots; red dots indicate active stars) together with the associated mean and standard 
deviations (black solid dots and lines, respectively). The number of stars per age bin are also indicated in the top. Note that not all stars with derived ages have 
measured ef fecti ve temperatures with uncertainties under 120 K. 
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ifetimes of cooler stars, implies that the activity fractions increase
ack between � 3 and 5 Gyr. 

To further investigate the relation between ef fecti ve temperature
nd activity we show in Fig. 7 the activity fractions as a function of
f fecti ve temperature. The top-left panel displays the fractions for the
hole sample (stars with activity inde x es available and with effective

emperature uncertainties under 120 K) and the top-right panel the
raction for those stars that were observed with higher resolution
pectrographs. The values are similar except for the coolest bin,
here the percentage of stars that are active increases considerably

rom � 0.1 to � 0.5. Even though the number of stars associated
o high-resolution spectra at this bin ( � 3000 K) is very low, this
ncrease is not unexpected since we are near the fully conv ectiv e
oundary (Baraffe & Chabrier 2018 ), and fully conv ectiv e stars
ave considerably higher activity lifetimes (Rebassa-Mansergas et al.
013a ). The fluctuations in the activity fractions between 3000 and
000 K are a consequence of the stars having different combinations
f ages in each bin (see the bottom panels of Fig. 7 ). 

 T H E  ROTATION-AC TIVITY  RELATION  

n this section, we first study the rotation-activity relation for
ur sample of stars with measured projected rotational velocities
 V rot sin i) and H α equi v alent widths. Then, we study the same
elation for those stars with measured rotational velocities and
vailable S HK inde x es. 

The strength of magnetic activity was quantified as the logarithm of
he ratio between the H α luminosity and the bolometric luminosity,
.e. log ( L H α/ L bol ), which was obtained as 

 H α/L bol = χ × | EW H α| , (8) 
NRAS 526, 4787–4800 (2023) 

m  
here EW H α is the H α equi v alent width and χ is the ratio between
he continuum flux near the H α line and the bolometric flux at
 gi ven ef fecti ve temperature. In this exercise, we adopted the χ
alues provided by Fang et al. ( 2018 ), which are defined for a wide
ange of ef fecti ve temperatures (from 2800 to 6800 K). Moreover,
he rotational velocities considered had errors of less than 1 km s −1 

nd the log ( L H α/ L bol ) values were restricted to errors no larger than
.75. It is important to emphasize that, previous to the mentioned
alculations, the EW H α measurements were corrected from basal
alues of inactive stars following Fang et al. ( 2016 ). In particular,
e fitted a third-order polynomial to the EW H α of inactive stars in
ur sample and the results from the fit were subtracted so that the
orrected EW H α values were either zero or lower than that. 

The results obtained are illustrated in the top panel of Fig. 8 and
ncompass the L H α/ L bol versus rotation relation for 43 FGK stars. For
omparison, we also include in this figure the relation we obtained
n Paper I for 47 M dwarfs in tight binaries with white dwarfs (blue
olid dots; note that in this case the orbital periods were known and,
s a consequence, the rotational velocities were not affected by the
in i factor) and the results by Reiners, Joshi & Goldman ( 2012 ) for
42 single M dwarfs with measured projected rotational velocities. 
Whilst the sample studied in Paper I populates the regime in which

he strength of magnetic activity saturates, i.e. log( L H α/ L bol ) ∼ −3.5
ndependently of rotation, most of the stars analysed in this work
re located in the area expected for inactive or weakly active stars
 L H α/ L bol < −4), typical of slower rotators. Indeed, none of the 43
GK stars display H α in emission. Given that the full sample of stars
onsidered in this e x ercise hav e FGK spectral types, it is not entirely
urprising that in some cases the strength of magnetic activity reached
alues higher than −4. In FGK stars the H α line is generally found in
bsorption and the depth of the line decreases as soon as the level of
agnetic activity increases. In other words, the H α line is radiation-
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Figure 7. Top panels: Activity fractions as a function of effective temperatures for the entire sample of main-sequence companions to white dwarfs studied in 
this work (left panel) and for those stars that we observed with high-resolution spectrographs (right). The number of stars in each bin are indicated on the top of 
the panels. Bottom panels: The distribution of ages per temperature bin (grey dots; red dots indicate active stars) together with the associated mean and standard 
deviations (black solid dots and lines, respectively). The number of stars per age bin are also indicated in the top. Note that not all stars with derived effective 
temperatures have measured ages. 

d  

d
t
i  

l  

s
s
m  

a  

t  

t  

i
i
o

d  

A  

2  

t  

o
b  

w
v  

s  

l  

t  

T
f
M  

5

s

D  

i  

P  

t  

e  

s  

r
i  

S
t  

s  

t
 

d  

a
e  

c
e  

(  

r
i  

g  

c  

fi  

v  

o HK 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/3/4787/7296148 by D
ip C

him
ica e Fisica della Terra user on 02 D

ecem
ber 2024
ominated, i.e. the increase of the optical depth initially leads to a
eeper absorption profile, until the electron density is high enough to 
ake the line into the collisionally dominated formation regime. 5 Only 
n those cases in which the level of magnetic activity is very high the
ine will be seen in emission. As a consequence, weakly active FGK
tars will not display emission, but less absorption than inactive 
tars. This implies that after applying the basal correction to the 
easured EW H α , the corrected values will be ne gativ e for those that

re weakly active. Thus, the more active the star, the more negative
he corrected EW H α and the higher the L H α/ L bol value. We conclude
hat the results provided by Paper I and this work clearly support the
dea that the strength of magnetic activity gradually increases for 
ncreasing rotation and that it saturates when the rotational velocities 
f the stars are higher than � 10 km s −1 . 
To quantify the level of chromospheric Ca II H&K emission, we 

erived the R 

′ 
HK index as introduced by Noyes et al. ( 1984 , see the

ppendix), which is defined as R 

′ 
HK = R HK - R phot (see also Hall et al.

007 ; Lovis et al. 2011 ; Mittag, Schmitt & Schr ̈oder 2013 ). R phot is
he photospheric contribution, which depends on the ( B − V ) colour
f the star. R HK gives the emission normalized to the bolometric 
rightness of the star and it also depends on its ( B − V ) colour as
ell as on the S HK index on the Mount Wilson scale. Since the S HK 

alues we obtained in Section 2.6 are not in the required scale and no
tars in our sample ha ve a vailable Mount Wilson S HK inde x es in the
iterature (e.g. Noyes et al. 1984 ; Duncan et al. 1991 ), we rederived
hem following the procedure outlined in Maldonado et al. ( 2022 ) for
NG/HARPS-N spectra. That is, we first reobtained the S HK index 

or our targets with HARPS-N spectra and converted them to the 
ount Wilson scale using equation 3 of Maldonado et al. ( 2022 ).
 This is al w ays the case for the Ca II H&K lines, in which the radiated flux 
teadily increases with pressure. 

6

w
r
s

uring this process, we obtained the ( B − V ) colours of the stars
nterpolating their ef fecti ve temperatures in the updated tables of
ecaut & Mamajek ( 2013 ), which gives very similar results as using

he ( B − V )-ef fecti ve temperature relation provided by Maldonado
t al. ( 2022 ) in their appendix A. Given that nine objects in our
ample were observed by the TNG and LAMOST with its low-
esolution spectrograph, we obtained a relation between the S HK 

nde x es obtained in Section 2.6 and the corresponding Mount Wilson
 HK values (see the Appendix). 6 Using this relation we managed 
o derive R 

′ 
HK indexes for all stars observed by the low-resolution

pectrograph of LAMOST, i.e. a total of 150 stars (27 observed by
he TNG and 123 by LAMOST). 

The logarithm of the R 

′ 
HK values abo v e obtained for 70 stars (we

o not apply any restriction regarding the errors) are represented as
 function of their available rotational velocities (only values with 
rrors of less than 1 km s −1 ) in the bottom panel of Fig. 8 . For
omparison, we also include the measurements by Mart ́ınez-Arn ́aiz 
t al. ( 2010 ), Su ́arez Mascare ̃ no et al. ( 2015 ) and Maldonado et al.
 2022 ). Note that Su ́arez Mascare ̃ no et al. ( 2015 ) do not provide
otational velocities but rotational periods (P), which we converted 
nto velocities via 2 π ×R/P, where we adopted the radius ( R ) as
iven by the updated tables of Pecaut & Mamajek ( 2013 ) for the
orresponding available spectral types. As it can be seen from the
gure, our R 

′ 
HK values fall where they are expected for their rotational

elocities. In the same way as for L H α/ L bol , we observe a saturation
f log( R 

′ ) for fast rotators. 
MNRAS 526, 4787–4800 (2023) 

 Only three objects with S HK HARPS-N values had common observations 
ith Mercator/HERMES, and none with Xinglong or LAMOST medium 

esolution spectrograph. As a consequence, we could not derive R 

′ 
HK for those 

tars observed with Mercator, Xinglong or LAMOST medium resolution. 
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M

Figure 8. Top panel: L H α / L bol (indicating the strength of magnetic activity) 
as a function of projected rotation velocities for the 43 FGK stars considered 
in this work (black solid dots), the 47 M dwarfs in tight binaries with white 
dwarfs from Paper I (blue solid dots; note that in this cases the rotational 
velocities are not affected by the sin i factor), and the 242 single M dwarfs 
from Reiners et al. ( 2012 ) (solid red triangles indicate accurately measured 
velocities, whilst open red triangles indicate upper limits). Bottom panel: 
log( R 

′ 
HK ) as a function of projected rotation velocities for 70 stars in our 

sample (black solid dots). Grey solid dots are data from Mart ́ınez-Arn ́aiz 
et al. ( 2010 ) (no errors provided since the authors do not report them) and 
Maldonado et al. ( 2022 ). Solid open circles are data from Su ́arez Mascare ̃ no 
et al. ( 2015 ) and represent rotational velocities not affected by the inclination 
factor. 
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Figure 9. Top panel: L H α / L bol (indicating the strength of magnetic activity) 
as a function of age for the 87 FGK (black dots) and 37 partially conv ectiv e 
M stars (grey dots) considered in this work. The solid black and grey lines 
are a linear fit to the FGK and M star data, respectively, which illustrate the 
tendency of M stars having lower values of L H α / L bol . The red open circles 
indicate that H α in emission is visible in the spectra. Middle panel: log( R 

′ 
HK ) 

as a function of age for 37 FGK (black dots) and 6 partially conv ectiv e 
M stars (grey dots) considered in this work. Bottom panel: log( R 

′ 
HK ) as a 

function of ef fecti ve temperature for the entire sample of stars studied this 
work (restricted to ef fecti ve temperature errors of less than 200 K). 
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 T H E  A  G E – A  C TIVITY  RELATION  

he strength of magnetic activity – again represented quantitatively
y log( L H α/ L bol ) and log( R 

′ 
HK ) – is illustrated as a function of age in

ig. 9 . In the top panel of the figure, we considered main-sequence
tars with errors in log( L H α/ L bol ) under 0.75 and age errors of less
han 1 Gyr. This resulted in 87 FGK stars and 37 partially conv ectiv e
 dwarfs. In the middle panel, we show 43 stars (37 FGK and 6

artially conv ectiv e M stars) with age errors of less than 1 Gyr and
o error cuts applied to their log( R 

′ 
HK ) measurements. 

Stars displaying H α in emission are shown as red open dots
n the top panel of Fig. 9 and can mainly be seen at ages below
 Gyr. The exceptions are J0531 + 2142 (5.5 ± 0.3 Gyr) and J1634
 5710 (6.8 ± 0.4 Gyr). J1634 + 5710 is the hierarchical triple
NRAS 526, 4787–4800 (2023) 
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Figure 10. The projected rotational velocity as a function of age for 38 
FGK stars. The solid black line is a linear fit to the data, which indicates the 
tendency of decreasing velocity with age. 
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ystem composed of a DQ plus the short-period eclipsing binary 
M Dra. As mentioned earlier, in this case activity is due to the

ast rotation induced by tidal locking. J0531 + 2142 has a current
rbital projected separation of 1033 au; therefore, it is unlikely that 
ind accretion processes took place in the past. Given the lack of

adial velocity measurements due to the broad H α emission, we 
uggest this system to be of similar nature as J1634 + 5710. The
act that most active stars are below 4 Gyr is in line with our results
n Section 3 , where we found null activity fractions for stars older
han 5 Gyr (with the obvious exception of J1634 + 5710; see also
ig. 6 ). Moreo v er, the vast majority of the stars showing H α in
mission have log( L H α/ L bol ) > −4, as expected. Ho we ver, it is worth
oting that 4 FGK stars with similarly high values of strength of
agnetic activity do not show H α emission. As already discussed 

n the previous section, this is not entirely surprising since the H α

bsorption profile in FGK stars gradually decreases for increasing 
evels of magnetic activity, and only for the highest levels can it be
een in emission. This is generally not the case in M dwarfs, which
ave much weaker absorption profiles, and therefore are more prone 
o show emission once the level of magnetic activity increases. Thus,
ne would expect the log( L H α/ L bol ) values for M stars to remain
oughly similar for inactive stars and to quickly rise for active stars,
nd to show a wider spread for FGK stars. Indeed, visual inspection
f Fig. 9 shows a tendency for M stars to have lower log( L H α/ L bol )
alues than FGK stars. This is confirmed by the linear fits to the data
epresented as black and grey solid lines for the FGK and M star data,
espectively. 

Further inspecting the top panel of Fig. 9 one can see that, apart
rom J1634 + 5710 and J0531 + 2142, one M star (J1043 + 5828)
ith an age of � 4 Gyr and 3 FGK stars (J0707 + 2754, J0853
 4406, and J1259 + 2528) with ages of � 2 Gyr display H α in

mission. The activity lifetimes of partially conv ectiv e M stars are
ot expected to be higher than 2 Gyr and they are supposed to be even
ower for FGK stars (West et al. 2008 ; Reiners & Mohanty 2012 ).
1043 + 5828 has a current projected orbital separation of 608 au,
herefore magnetic activity could arise due to faster rotation induced 
y past episodes of wind accretion from the white dwarf precursor, 
hen the separation was 2–5 times shorter. Regarding the three 
GK stars, their current projected separations are 4500 au (J0707 
 2754), 6437 au (J0853 + 4406), and 2935 au (J1259 + 2528),
hich indicates wind accretion very likely did not take place in 

he past. We argue that the following physical mechanisms may 
esult in these stars rotating faster than expected: (1) it is possible
hat some of them are suffering from weakened magnetic braking 
nd, as a consequence, are anomalously rapid rotators (van Saders 
t al. 2016 ); (2) nearby hidden unresolved companions may exist 
hat are massive enough for the stars in the inner binary of these
lausible triple systems to be partially or totally tidally locked, thus
ncreasing their rotation. Unfortunately, none of these stars have 

easured rotational nor radial velocities (except J1259 + 2528 with 
ust one radial velocity value of −19.20 ± 1.80 km s −1 ) to confirm
r dispro v e these hypotheses. It is also plausible that the ages are not
eliable for J1043 + 5828, J0707 + 2754 and J1259 + 2528, since
o white dwarf spectral types are available and the evolutionary 
equences employed might not be adequate if they are not DAs. 

The middle panel of Fig. 9 shows a similar behaviour of log( R 

′ 
HK )

ith age as log( L H α/ L bol ). That is, the log( R 

′ 
HK ) values are generally

ower for partially conv ectiv e M stars than for FGK stars. It is also im-
ortant to mention that active M stars have log( R 

′ 
HK ) measurements

onsiderably higher than inactive ones, whilst log( R 

′ 
HK ) is similar for

oth active and inactive FGK stars. This is further illustrated in the
ottom panel of Fig. 9 , where we represent log( R 

′ 
HK ) as a function
f ef fecti ve temperature for our entire sample (restricted to ef fecti ve
emperature errors of less than 200 K). 

Finally, the middle panel of Fig. 9 also reveals four moderately
ld FGK stars (2–4 Gyr) which display Ca II H&K emission lines:
0221 + 5333, J0707 + 2754, J0853 + 4406, and J1743 + 1252.
0707 + 2754 and J0853 + 4406 also display H α in emission and
ave been discussed above. J0221 + 5333 and J1743 + 1252 both
ave two radial velocity measurements from spectra separated by 37 
nd 194 nights, respectively, and no variations have been detected. 
he current projected orbital separations are 333 au (J0221 + 5333)
nd 1482 au (J1743 + 1252), which indicates J0221 + 5333 might
lso be a candidate for spin-up rotation due to past wind accretion
pisodes. Ho we ver, with a rotational velocity of 3.45 ± 0.37 km s −1 

his does not seem to be the case, unless the measurement is highly
ffected by the inclination factor. 

 T H E  AG E – ROTAT I O N  RELATI ON  

e finally investigate the direct relation between age and rotation 
n this section. We considered all stars with projected rotational 
elocities associated with errors lower than 1 km s −1 and age un-
ertainties under 1 Gyr, i.e. 38 FGK stars. The relation for these
bjects is illustrated in Fig. 10 . None of them display H α nor Ca II
n emission in their spectra, which is in line with the idea that slow
otators like those studied here ( V rot sin i � 10 km s −1 ) are inactive
or weakly activ e). Ev en though there seems to be a relatively large
catter of velocities at a given age, there is a tendency for decreasing
he rotational velocity with age (represented by a linear fit to the
ata in Fig. 10 ). This confirms the expectations that rotation breaks
ith time, i.e. the so-called gyrochronology (e.g. Fouqu ́e et al. 2023 ;
aidos et al. 2023 ), and at the same time indicates that not all stars
ay suffer from weakened magnetic braking, since the oldest in 

ur sample ( > 6 Gyr) are indeed among the ones with the lowest
elocities. 

 C O N C L U S I O N S  

inary stars composed of a white dwarf and a main-sequence 
ompanion, WDMS binaries, are excellent tools for studying a wide 
ariety of open problems in modern astronomy. In particular, deriving 
MNRAS 526, 4787–4800 (2023) 
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eliable white dwarf ages makes them ideal objects for analysing age
elated relations such as the age–metallicity relation in the solar
eighbourhood (Rebassa-Mansergas et al. 2016b , 2021 ), the age–
elocity dispersion relation (Raddi et al. 2022 ) and, like in this
ork, the age–activity–rotation relation of low-mass main-sequence

FGKM) stars. Indeed, the results obtained in this work from a sample
f WDMS binaries in CPMPs identified thanks to the Gaia astrometry
nd in our Paper I (Rebassa-Mansergas et al. 2013a ) – from a sample
f both close and wide binaries from the SDSS – have provided
seful input for improving our understanding between the relation
f age, magnetism, and rotation in low-mass stars. 
We have shown that, with the exception of stars that are in close

inaries (i.e. hierarquical triple systems composed of an inner binary
lus an outer white dwarf), the activity fractions are null for stars
lder than 5 Gyr, independently of their ef fecti ve temperatures, and
hat the rotational velocities tend to decrease with time. This confirms
he idea that when stars grow old their level of magnetic activity
ecreases due to the effect of magnetic braking, which slows down
heir rotation. We have also found that the activity fractions for stars
ounger than 5 Gyr oscillate between � 10 and 40 per cent. The low
ercentages obtained can be understood since the stars in our sample
re either FGK or partially conv ectiv e M stars, which are e xpected to
ave short activity lifetimes. However, it is worth noting that some
tars in our sample are active despite being relatively old, in fact older
han their expected activity lifetimes. We argue this indicates that a
raction of stars in our sample might suffer from weakened magnetic
raking, they may had evolved through wind accretion episodes in
he past or they are associated with unreliable ages due to the lack of
hite dwarf spectral types. 
We have also e v aluated ho w the strength of magnetic activity (stud-

ed via L H α/ L bol and the R 

′ 
HK index) relates with both the projected

otational velocities and age. Given that our stars are slow rotators
 V rot sin i � 10 km s −1 ) their measured values of log( L H α/ L bol ) and
og( R 

′ 
HK ) fall in the e xpected re gion for inactive M stars or weakly

cti ve/inacti ve FGK stars, that is −4 > log( L H α/ L bol ), (log( R 

′ 
HK ) >

5. 
Although the spread of log( L H α/ L bol ) and log( R 

′ 
HK ) values are

early constant with age, they are found to be higher for FGK
han for M stars. It is also worth mentioning that, as expected,
he vast majority of stars displaying H α in emission are located
bo v e log( L H α/ L bol ) = −4. Partially convective and active M stars
isplay also considerably higher log( R 

′ 
HK ) values than inactive ones.

o we ver, this is not generally the case for FGK stars, in which
og( R 

′ 
HK ) is similar for both active and inactive stars. 

Despite the fact that the SDSS WDMS sample we studied in
ebassa-Mansergas et al. ( 2013a ) and the Gaia CPMPs studied

n this work have been of fundamental importance, they come
rom very different surveys and the follo w-up observ ations that we
ave performed were carried out using a wide variety of different
elescopes and spectroscopic resolutions. As a consequence, not all
ur targets have measured H α fractional luminosities, R 

′ 
HK indexes,

otational velocities, ef fecti ve temperatures, and ages. To solve
his issue, the 4MOST (4 m Multi-Object Spectroscopic Telescope)
roject (de Jong et al. 2022 ), which will start operations in early
024, will target, via its White Dwarf Binary Surv e y, � 2500 FGKM
ain-sequence companions to white dwarfs in CPMPs and several

housand WDMS in tight orbits (Toloza et al. 2023 ). Among the
500 widely-separated binaries that 4MOST will observe, we expect
 10 per cent to have total ages approximately equal to their cooling

ges (i.e. negligible main-sequence lifetimes). This particular sample
ill be extremely useful in mitigating possible age uncertainties

elated to the initial-to-final mass relation. Moreo v er, all the main-
NRAS 526, 4787–4800 (2023) 
equence stars will have available [Fe/H] values, which will a v oid
ge uncertainties related to adopting a solar metallicity for the white
warf precursors in those cases where the [Fe/H] is unknown. The
act that the white dwarfs in these CPMPss will also be observed by
MOST will allow us to obtain a spectral type for each of them, thus
 v oiding unreliable ages due to wrong spectral type associations.
ot only the considerably higher number of systems to be analysed,
ut also the observations to be carried out in an homogeneous way
thus ensuring the deri v ation of the same parameters for all stars) will
llow us to investigate further and in a more robust way the relation
etween age, rotation, and acti vity in lo w-mass main-sequence stars.
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Figure A1. The S HK index in the Mount Wilson scale as a function of 
the S HK index directly measured by us for nine stars which have common 
TNG/HARPS-N and LAMOST low-resolution spectra. 
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PPENDI X:  C O N V E RT I N G  T H E  S H K 

I N D E X  TO  

H E  M O U N T  W I L S O N  SCALE  

e obtained the S HK index in the Mount Wilson scale of 27 stars that
ere observed with the HARPS-N spectrograph of the TNG using

he routine developed by Maldonado et al. ( 2022 , see Section 6 ).
ine of these stars were also observed by LAMOST with the low-

esolution instrument. The S HK inde x es we obtained for these nine
tars (Section 2.6 ) are compared to the corresponding values in
he Mount Wilson scale in Fig. A1 . A least squares fit to the data
esults in S HK, MW 

= (1.52 ± 0.10) × S HK − (0.074 ± 0.025). We
sed this equation to obtain the S HK in the Mount Wilson scale of
23 additional stars observe by LAMOST with its low-resolution
pectrograph. 
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