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ABSTRACT

Context. Monitoring of the photometric and chromospheric HK emissilata series of stars similar to the Sun in age and average
activity level showed that there is an empirical correlati@tween the average stellar chromospheric activity Evelthe photometric
variability. In general, more active stars show larger phatric variability. Interestingly, the measurements egmbnstructions of
the solar irradiance show that the Sun is significantly lesgble than indicated by the empirical relationship.

Aims. We aim to identify possible reasons for the Sun to be culyanttside of this relationship.

Methods. We employed dterent scenarios of solar HK emission and irradiance vditialsind compared them with available time
series of Sun-like stars.

Results. We show that the position of the Sun on the diagram of photdmeariability versus chromospheric activity changes
with time. The present solar position ifdirent from its temporal mean position as the satellite ereonfinuous solar irradiance
measurements has accidentally coincided with a perioduuedly high and stable solar activity. Our analysis sutggisit although
present solar variability is significantly smaller thanigsated by the stellar data, the temporal mean solar vaitialilight be in
agreement with the stellar data. We propose that the cattorof the photometric program and its expansion to a festglar
sample will ultimately allow us to constrain the historisalar variability.
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1. Introduction showed that this explanation is not consistent with thdastel

: . . . data! Schatten (1993) suggested that the special posttitre o
The comparison of the Sun with Sun-like stars helps to IMPro¥ 5 1h_hased observer who sees the Sun from its equataaiz pl
our understanc_iing_ of b.Oth solar and stellar phy_sics._ On@sof tan reduce the variability of solar brightness. Howevetaittl
important appllcatlons is the study of the solar wradamaa—_ calculations showed that the equatorial position of theeples
ability. The consecutive measurements of the solar irraia o045 to only a 30% (most probable value) decrease in the sola
have only been available for the last three decades. The pgrapility and does notfeect the mean level of the chromo-
tometric observathns of the large number OT Sun-ll_ke stars spheric activity ((Knaack et al. 2001). The out-of-ecliptiea-
help to extend the time coverage and constrain the histdca g rements of the Sun are needed to validate the model and ac-

ability of Fhe solar_ irrgdiance. _ curately assess théfects from the hemispherical asymmetry of
The first monitoring of the photometric flux and chromog,o density flux/(Vieira et al. 2012).

spheric HK emission (which characterises the amount of non- A si nifican{ art of the disagreement can also be at-

thermal heating in the chromosphere and consequently—aciiv 9 P 9

ity, see. Baliunas et al. 1995) of the stars similar to the Sun ributed to the selectionfiect in the stellar sample. For example,

age and average activity level revealed an empirical cm)rrera" erall [.2009)' us.ing.another Ste”ff“. sample, pre_seatéiﬂ-
tion between the stellar photometric variability and mearoe erent version of variability versus activity regressitiris based

mospheric activity level (Lockwood etlal. 1992). The con8n on the monitoring of 28 Sun-like stars over time periods Fang

tion of the program (see e!g. Lockwood et al. 1997; Radicklet (ji[]g from 6 to 15 yr. The slopgs of the LOCkW(.)Od et al. (2007)
1998/ Lockwood et dl. 2007) showed that the variability ofsa s 2nd-Halletal.[(2009) regressions are approximately theesam
with solar chromospheric activity level is expected to betb but the Hall et al.[(2009) regression indicates about 0.1lelex

0.1 % in the Stromgren filters b and y (centred at 467 and 5Xé}”ab'“ty- .

nm, respectively). At the same time the regression of the ob- Recently Judge et al. (2012) proposed comparing the recon-

served total solar irradiance (TSI) variability to the aility in ~ Structed time series of the solar irradiance with the phetoyn

Stromgren filters b and y yielded a somewhat smaller value @fSun-like stars. In this paper we follow up on this idea. \&e r

about 0.04 %/ (Radick et al. 1998). evaluate the value of the solar variability in Stromgremid g
Several attempts were made to explain this disagreemdHiers obtained by Radick et al. (1998) and show that theqires

For example, FouKal (1994) proposed that the relativelydow location of the Sun on the variability versus activity diagr is

lar variability can be explained by the dependence of thelgc anomalous.

to starspot ratio on the magnetic activity. Later, Radic894) The continuous measurements of solar irradiance have been

available only since the beginning of satellite observetifi.e.

Send offprint requests to: A.l. Shapiro since 1978). Meanwhile, the proxy data indicate that the Sun
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15 low magnetic activity would be very flicult to detect (e.g. two

of the five stars with unconfirmed variability had log R< -5).
Therefore, the regression was made using only the stars with
logR > -5.

Originally the Lowell Observatory program contained 41
stars |(Lockwood et al. 1997). Some of the stars with uncon-
firmed variability were later excluded from the program se th
final set contained only 32 stars. Seven stars from the aligin
dataset had logR > -5 but unconfirmed variability. The in-
ability to detect the variability of the star is either besalits
variability is indeed small or because the comparison stegs
too variable. In the second case, the exclusion of the spastis
fied; however, in the former case the exclusion of such stan fr

T T the analysis would féect the variability versus chromospheric
R B S T B B activity dependency. To estimate the possilffea of such stars
5.2 -5.0 -4.8 -4.6 -4.4 -4.2 0 on the regression, we located the stars (magenta triangles i

Chromospheric Activity, logRi Fig. ) with unconfirmed variability below the regressioneli

Fig.1. Photometric variability versus chromospheric activit)f.)n the distance equal to the maximum deviation of the steths wi

The blue stars indicate the stars with observed varialfign Ccorirmed variability from the regression line. While thegimal
Lockwood et al.|(2007). Magenta triangles indicate lowear-li regression indicates that the root mean square (RMS) vityiab

its for stars with unconfirmed variability set at about 0.5 bemc a star with the solar chromospheric activity level shad

low the regression line. The solid (5.892810log R,,) and about 0.001 mag, the new regression yields a value of 0.00072
dashed (7.1862.108log R,,) lines are regressions cléilculate nag. These two numbers can be considered as lower and upper

excluding and including stars with unconfirmed variabjlitg- imits of the variability of a star with solar chromospheaictiv-

spectively. The shaded area corresponds to the one—sigma'tgljevel’ yielded from the present stellar sample.

ror. The four red stars indicate HD10307, HD95128, HD16g00g, 1© fake into account the new datalof Hall et al. {2009) we
and HD146233 (18 Sco) from Hall etlal. (2009). Drop lines in‘lelso calculated two regressions: one using the H_aII erandp
dicate the correction for the variability of the comparistars, 0ata corrected for the variability of the comparison stard a

i : ther using thé_Hall etlal. (2009) data combined with the
The orange symbols denote the position of the Sun accordmg‘apo - ) .
modern reconstructions (solar symbol) and(the Lockwoodi et Lockwood et al.|(2007) data. All thesefiiirent versions of the
(2007) estimate (square symbol) regression yield solar variability within the error barstie
‘ ' mated above (0.00072-0.001 mag). In Eig. 1 we show the vari-

abilities of four stars from the ELODIE top ten solar analogs

has been at a maximum plateau-state in its long-term evamluti(SOUbir":”?.‘?‘I,]-_rriaur:I 2004) taken :‘rom Hal.l et E.ll‘ (‘2009)'.
during the last 50 years (Lockwood et al. 1999; Solanki et al, I_Estab ishing the present solar position in Fig. 1 is not a
2004). Therefore, the amplitude of the 11-year activityleys straightforward task as there are no long-term measurement

; ; i f the spectral solar variability in the band filters. Radétlal.
expected to be relatively large, while the amplitude of tee-s 0 .
ular component, whose existence is actively speculatetién {1998) and Lockwood et al. (2007) assumed the total sola irr

literature (cf. Lockwood 2011), is very small in the most rediance and photometric variabilities to be connected aiseiy t
re caused by a change in the solfiegtive temperature.

cent past. At the same time cosmogenic isotope records ingE. . 2
cate that during the last millennia the level of the Iongrtern\gﬁ'f resulted in 0.00044 mag estimation of the RMS of annual
Stromgren (By)/2 values.

solar activity has been significantly variable (McCrackeale ; .
2004 Vonmoos et al. 2006). This implies that the amplitutle o 1€ modern physically-based reconstructions of the solar
radiance that attribute the solar variability on the Xay

the 11-year cycle also has been changing in time and, additid] "
ally, that the Sun undergoes periods when the Iong-termophoi‘me scale to the competition between the dark sunspots and

metric variations could be relatively strong. Therefohe tem- gﬂ%gtirz‘:g;’: rg%ijof)s é]?vg .slr_ﬁ;illr:arezlgllllj ggg?t;hlfarip\)/roe\gﬁ: ggéf
poral mean of solar variability might be significantlyfférent < A i

from the presently measured value. To investigate thisipibss 2Pility for the last 50 years: 0.00027, 0.00017, and 0.00043

ity we locate the Sun on the variability versus chromosyteasi respectively. We used the mean of these three numbers teloca

tivity diagram, employing dferent scenarios of solar long-ternih® Sunin FigllL. - ,
variability. Let us note that if instead of using the annual averages of

the solar irradiance we emulate the stellar observatiodsan-
sider the seasonal averages then the calculated solabiligyria
2. Comparison of the stellar and present solar can be increased by the rotational cycle. We calculatedethle r
variability sea_lsonal means using the L_ockwood etal. (2007) time seriks a
estimated that the increase is generally smaller than 40%.
Figure [1 presents the regression of the stellar variabil- The measurements obtained by spectral irradiance monitor
ity versus chromospheric activity calculated with dataniro (SIM) on-board of the solar radiation and climate experitnen
Lockwood et al. [(2007). To calculate the regression line WSORCE) satellite show yet another picture of solar valiigbi
only consider the stars which were deemed variable layer the last seven years (Harder et al. 2009). The RMS of the
Lockwood et al.[(2007). annual (lx+y)/2 values for 2004 — 2011 period is 0.00029 mag.
One can see that even for the stars with the same chroriibe extrapolation of the SIM annual£k)/2 values to the entire
spheric activity level there is some divergence in the pimetis  solar cycle using the annual values of the sunspot numbéises
ric variabilities. The variability of the less variable stavith in 0.0004 mag for the RMS. Fontenla (2011) suggested that a
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Fig.[2 we plot variations of annual {ly)/2 values and magni-
tudes of RM%g (the RMS( value for the year X is the RMS
of (b+y)/2 values in the [X-9 yr, %10 yr] dataset) for three re-
cent spectral solar irradiance (SSI) reconstructions eoptst.
Most of the stars used in this study had been observed for ap-
proximately 20 years, so the RMgvalue can be used for direct
comparison of the Sun and stars. According to all three recon
structions the secular changes in the solar irradiance bewe
very small during the last 50 years. Therefore, during teisqul

the solar variability (i.e. RMg& value) is roughly the same in
all three reconstructions. At the same time, there wereogsri
before 1950 when the long-term solar activity changed &igni
1600 1700 “““ 1800 “““ 1900 “““ 2000 icantly (McCracken et al. 2004; Steinhilber etlal. 2008) #mal
reconstructions with large and small secular componeatdrar
matically diterent.

In order not to be limited by any particular reconstruction
we introduce two parameterg;; andV,t, which describe the
11-year and long-term variability, respectively. We defifigas
RMS variability of solar annual Stromgren-{)/2 fluxes dur-
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4 ing cycles 21 and 22 (the 1976-1996 period) ang as rela-
tive change of Stromgren {ly)/2 flux between 223 and the
2 Maunder minima. In Appendix]A we describe a simple model
‘ ) which allows us to calculate the solar variability over thiden-
0 s/ > ‘ ‘ nia as a function o¥1; andV 1 parameters, using the cosmo-
1600 1700 1800 1900 2000 genic isotope records (McCracken etial. 2004; Vonmoos et al.

2006). We show that while our approach does rely on the as-
sumptions, they do not constrain its applicability, and bgas-
Fig.2. Upper panel: Annual (by)/2 values versus time ac-ing correspondinly,r andVy; parameters we can roughly repro-
cording to the spectral solar irradiance (SSI) reconstastto duce very dferent scenarios of the solar variability published in
the past as calculated by Krivova et al. (2010) (red), Leaal/et the recent literature.

(2005) (blue) and Shapiro etial. (2011) (magenta: thick &t | et us note thaV;;, andV,r values cannot be directly com-
curves are original data and data with removed secular @angared becaus¥:; corresponds to the RMS variation during a
respectively). Stars indicates the SBORCE measurements.20-year interval, wherea4  describes an absolute change over
Lower panel: Calculated for the 20 year time intervals RS 300 years.
values versus time. An example for a chosen pair of parameters is illustrated in

Fig.[B.2 (available as Online Material) for the time periodmh
0 BC to present.

The mean level of the solar chromospheric activity can also
change with time. Currently there is no reason to suggest tha
it underwent significant changes in the past (Hall & Lockwood
3. Comparison of the stellar and historical solar 2004;/ Judge & Saar 2007). Saar (2006) showed that the mini-

variability mum chromospheric activity of stars with so!ar metallictyr-
respondsto lo&,, = —5.08. We will now consider two extreme

Our main proposition is that the location of the Sun in Eigs 1 icases. The first one corresponds to the absence of a seaular co
not fixed in time. Therefore, instead of using present saai- v ponent in the mean solar chromospheric activity (which des
ability for the comparison with Sun-like stars, one showdd the imply the absence of the secular component in the photoenetri
temporal mean of the variability over a time interval longegh variability). So changes of the solar activity index occatyo
to reveal the entire range of solar variability. Becauséefitigh because of the evolution of the solar activity cycle. Theosdc
solar activity the amplitude of the 11-year cycle has bedar recase (hereafter, case of strong secular changes) corgsspmn
tively large during the last 50 years. So, if the 11-year eysl the assumption that the mean solar chromospheric actigity ¢
the only contributor to the solar irradiance variabiliteththe reach a minimum boundary value 1B, = —5.08 during the
temporal mean of solar photometric variability is lowerrtitss  periods of zero modulation potential. In Appenflix A we show
present value (see calculations below). This would impdy the how the mean solar chromospheric activity can be reconstluc
disagreement between the stellar and solar photometiahiar to the past in both of these cases.
ities is even more pronounced than presently thought.ddste  Figure[3 shows the trajectories of the Sun over last 9000
a secular component in the solar irradiance can signifigamtl years in the photometric variability versus chromosphacio/-
crease the temporal mean of the solar photometric vartiabili ity diagram for a few dierent scenarios. The upper-left panel

The present consensus is that secular changes in solarépresents the scenario without secular variability. Vhe =
radiance are proportional to secular changes in solarigctiv0.044% (upper-right panel) corresponds to the secular iériab
proxies. However, there is no agreement on the scalinfieoeity reported by Krivova et all (2010). During the last thiytgars
cient {Lean et al. 2005; Tapping etlal. 2007; Krivova et alLl?0 the Sun was unusually active so its mean chromospherigtsctiv

Schrijver etal.| 2011 Vieiraetal. 2011; Shapiro etlal. 201bver the last 9000 years is shifted towards lower valuesivela
Thuillier et al.|2012] Judge etlal. 2012). To illustrate tiieet to the present position. The mean value of Ryg equals -4.92
of the secular variations on the solar photometric vaiighih ~ without the long-term trend in the chromospheric activithile

Year

physics-based extrapolation of the SIM data could put the Sﬁo
even closer to the regression line from Fip. 1.
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e v‘ulzo%’,‘ vn:o.‘?om:‘mag ‘ 15 V‘LT=0.<|>214°/?, \4‘1=0.|odoi4 mag atively small number of stars, and short time span of théastel
g _Z'Oino 0gR}« secu arc;ng 72.Oistrong ogR/\« secul a}r: 1 Observations.
) At the same time, we show that the presence of a secu-
E 2% 7250 1 lar component in the solar irradiance can increase the teahpo
Ef a0 ol 1 mean of solar variability. By assuming that the temporal mea
g7y Ty Sun obeys the activity versus regression correlation, enplay-
£ a5 1350 * 1 ing the currently available datasets to constrainMhgparame-
z P ¥ e | ter, we try to estimate the magnitude of the secular componen
4ot oo F40E ... ... 4 The calculations are presented in Apperidix B. While the cur-
52 50 -48 46 -44 -42 40 52 50 -48 -46 44 -42 -40  rantly available stellar data yield relatively large arymie of
R Ty P LS o T S o0t the secular component, careful estimation of the involved u
17=0.17%, V,,=0. mag 17=0.17%, ,,=0. mag Her H
strong logR, secular ch no logR.,. secular chang certainties shows that a0.17 % decrease of the_ s_olar fluxein th
20 X T2 % 1 Stromgren (by)/2 filters during the Maunder minimum com-
o L 1 pared to the present value is within 95% confidence level. The
20 e trajectories of the Sun in the photometric variability wesgshro-
30k 1300 1 mospheric activity diagram which correspond to this amgl
* * of the secular component are shown in the middle panels of
35- 7 135 7 1 Fig.[3 (for two scenarios of the chromospheric activity ahii-
‘ ‘ ity). We note that the positions of the Sun-like stars on teé-v
-4.0f 1a.0oF i ™ . . . -
P e ability versus activity diagram are also not necessarilgdiin
52 -50 -48 -46 -44 -42 -40 -52 -50 -48 -46 -44 -42 -40 . . . e .. .
time, and this canféect the variability versus activity regression.
A 00 LS L e v =0 0003 mag This is taken into account in AppendiX B and therefore, while
V+=0.5%, V,,;=0.00044 mag V+=0.5%, V;,=0.0002 mag ! i Y ’
g _p of 50N I00R secular ch 1, oL "0 109Rix Secular chang 1 theVir = 0.17% value is consistent with stellar data, the cor-
T x ' x responding temporal mean position of the Sun is still belosy t
Z o5l 1ol ] regression line. Th¥ r = 0.17% value correspondsto 1.9-2.7
5 W/m? TSI change (gee Appenc_ﬂB B). B
2 30 7308 , ] We note that this number is based solely on the empirical
3 " e relationship between the stellar variability and actityd does
g7 I | 1 not depend on mechanisms of stellar and solar variabitiig. |
a0k Laob 1 given by the present stellar sample and should be carefedly r
52 50 -48 -46 -44 42 40 52 50 -48 -46 -44 -42 -40 evaluated when more stellar data become available andihe lo
Chromospheric Activity. 10gRi Chromospheric Activity, logRi end of the activity sequence is studied. The continuatiothef

Fig.3. The same as Fif] 1, but with trajectories of the Sun ovétellar photometric program will thus ultimately allow ot
the last 9000 years (orange dots) foffelient sets of the long- Prove or disprove the existence of the secular variatiortaef
term variability Vit and the 11-year variability/1;. The red Solarirradiance.

square and cross symbols indicate the positions of the mirese _ _
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Appendix A: Model description SubstitutingF-" (ty) — F-"(to) = Vit F (1), one can con-

The annual solar Stromgreni)/2 flux valuesF (t) can be de- nect the relative changes of the solar flux and activity

composed into the long-terf-" (t) and cyclic F*i(t) compo- Vi ELT(t
nents (see, e.n. Tapping etlal. 2007) FLT(t) - F T (to) = #;(?)
M) — 0,

F(t) = FY () + FH(®). (A1) .

, ) i ) Equation[(A.5) links RM&(FT ()) and RMSo(4(t)) via the pa-
While cyclic componenE*(t) varies on the 11-year time scale;ameten, . In combination with Eqs[{A]2) and(A.3) it allows
and controls the activity cycle, the long-term comporfeft(t) one 1o reconstruct the solar variability backwards in tirseaa
varies on secular time scales and leads to a changeableofevgl,ction ofVi; andV, parameters.

the flux during the solar activity minima.

Most of the stars in the Lockwood et al. (2007) dataset are The approach, presented above is based on three assump-
observed over an approximately 20—year period. Therefore,tions:
compare stellar and solar variabilities we will introdudes t
RMS,o value. For any given yedr it is the RMS variability of 1. The amplit_ude of the activity cycle is prpportional to the
the dataset which consists of twenty annual flux values (from long-term (i.e. cycle-averaged) solar activity.

- (6() - ¢(t0)) . (A.5)

year t-9, till year $10). 2. The long-term changes of the solar irradiance are propor-
The total variability of the solar flux can be calculated as th  tional to the long-term changes of the solar activity.
geometrical sum of the long-term and cyclic variabilities 3. The long-term solar activity can be reconstructed from th

RMS(FO)? = RMSo(FT(O) + RMSo(FIQ)2.  (ag)  Coomodeneisotopeda

We introduce parametaty; as RMS variability of the an- Let us note that these assumption are either employed or ful-

nual (b+y)/2 flux values for the 1976—1996 period (solar cyclef_i.”ed becquse (.)f the physical reasons in most of the aveiiafbl
21 and 22). The Krivova et Al. (2016), Shapiro étlal. (20103, g constructions, independently from the proposed mechafism
Lean et al.|(2005) reconstructions show the valu¥gfparam- the secular changes.

To estimate the accuracy of our approach we consider
g;eercisggl.s 0.00019 mag, 0.00018 mag, and 0.000032 Maly\Fee diferent reconstructions of the solar irradiance to the

To caiculate the cyclic component backwards in time, we JR2StLKrivova et al.(2010)U.r=0.0449%,V;,=0.000019 msg),
sume that its amplitude is proportional to the Iong-termi[solShaplro etal.[(2011) with removec_i I_ong-term _treth(zo /‘;
activity ¢(t). The latter can be reconstructed over the millennj4:=0-000018 mag), agd the original_Shapirg et al. (2011)
from the cosmogenic isotope data, which gives a 22-year r construction {1r=0.38%, V1,=0.000018 mag). They yield
ning mean of the modulation potential (Steinhilber et ak&0 -0001 mag, 0.00009 mag, and 0.00036 mag for the mean so-
Herbst et al 2010). Thus, the cyclic RMS variability for anl r RMSyg variability over the 1620-1995 period. The same val-

- es calculated with the set of Eqs._.2-JA.5 are 0.00013 mag,
given yeatt can be calculated as 0.00012 mag, and 0.00035 mag. One can see that our approach

#(t) slightly overestimates the first two numbers. The reasothier
17~ (A.3) - .
&(to) is that to allow a homogeneous reconstruction over the nrilke

where (t) is the modulation potential and(t) is the mean we use the solar modulation potential to scale the cycli¢- var

; : ._ability (see Eq[CAB) instead of the sunspot number. The an-
value of the modulation potential for the 1976-1996 pgrloﬁ al sunspot number is very close to zero during the Maunder
The modulation potential is deduced from the composite

! ¥ — inimum period, so the reconstructions predict the cemsaii
g\]/lec?:(ra:ct[(oer; (ranto’gIth(()i‘?tc\l/O(rL]Jrigzlggieglalégggs)ltei%gﬁ;%rdn?ﬁs %he cyclic variations (see Figl 2). At the same time the mod-
to the Castagnoli & Lal (1980) local interstellar spectraeho- lation potential and consequently the cyclic variabilityour

mogenisation procedure is discussed in Shapiro et al. j201dl approach did not go to zero during the Maunder minimum
Thuillier et al. (2012). The average uncertai'nty of the maeu (McCracken et &, 2004). Such deviations are comparableto t

tion potential changes is80 MeV (Monmoos et al. 2006) and ggﬁgﬁi;gﬂ? of the reconstructions and are not esséotialir

g?te}]serglgra\\//aerizglﬁn|f|cant contribution to the temporarymea The calculation of the Ca Il H and K lines, which are used
4 to determine the solar chromospheric activity, made everemo

To calculate the RMg(F'(t)) contribution we introduce . ;
. T complicated by the féect of the non-local thermodynamical
parameteN.y as a relative change 6 between the present quilibrium (Ermolli et al. 2010). So the mean solar chromo-

and the Maunder minimum. The change_s of the solar _flux b%pheric activity cannot be directly deduced from the atdéla
tween three recent solar minima are within the uncertarife

. . ._reconstructions of the solar irradiance over the milleninistead
the recqnstrqctlons a_md ‘measurements of the solar Irr"""‘Pj"”‘bve will linearly scale it with the long-term solar activity
(see review by Ermolli et &l. 2012), so tR€" component can be

RMS;o(FH(t)) = V1

approximated by a constant for the last solar cycles. Thezef o(t)
for simplicity we defineV,r as the relative change of theq)/2 Rk (1) = (Riy)min + (o) (Rik)o = (Riymin) » (A.6)
flux between the 1996 and the Maunder minima. $lto
We assume that the long-term changes of the solar irradiag@gere R )o is the present value of the mean solar chromo-
are proportional to the changes of the solar actig(ty spheric activity (logR,, =-4.895, (seé_Lockwood etldl. 2007)
FLT(t) - FU(to) &) — b(to) and R )min is the value of the mean chromospheric activity
FoT () — FIT (o) = () = #(t)’ (A.4) correspondingte = 0.
M/~ o)  #ltm) = ¢l In Fig.[3 we consider two extreme scenarios (see $éct. 3),

wheretg refers to our reference period (1976—-1996 average) ande without the secular component in the solar chromospheri
tw refers to the Maunder minimum. activity, and another with a strong secular component. th
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the secular component the changes of the mean solar chromo-The parameteY,r characterises the long-term variability as
spheric activity are only caused by the variable amplitufie iis observed inthe Stromgrenb and y filters. Its conneatith

the solar activity cycle and theR{, )min value corresponds to the variability at another spectral domain (or TSI) depentthe
the present value of the solar activity at minimum condgiomrmechanism of the secular changes. For examplgraqual to
(logR},,=-4.98; (see Judge & Saar 2007). To describe the ca3&7% leads to a 2.7 Wh? TSI change between the Maunder
of a strong secular component in the chromospheric activty and the last solar minima, adopting the model of Shapirolet al
put the R, )min Value equals to the boundary value from Sagf011), and to 1.9 Wh?, assuming that it is caused by the vari-
(2006) (logR}, = —5.08). ations of the solarféective temperature.

Appendix B: Possible constraints on the historical
solar variability

The amplitude of the secular solar photometric variabitian

be constrained by demanding the temporal mean solar variabi
ity be in agreement with the variability, indicated by thellstr
data. The latter depends on the version of the variabilitgue
activity regression and the scenario of the chromosphetie-a
ity behaviour. To investigate fierent cases in Fig. B.1 we plot
the long-term solar variability, r as a function of the mean solar
variability (RMSy) given by the stellar data, for two values of
the 11-year variability/,;. The inclination &ect was calculated
according to Knaack et al. (2001).

Let us note, however, that the positions of the Sun-likesstar
in Fig.[3 are also not necessarily fixed in time. This cfiec
the codficients of the regression line and accordingly the esti-
mated variability of the Sun. For example it is possible that
coincidence, most of the stars among the twenty-one used for
our analysis represent the periods of the relatively lowh{gh)
variability. This will lead to the shifted position of thegees-
sion line and consequently to the deviations in\hearameter
determined using this limited selection of stars.

If the behaviour of the stellar variabilities after the regy
sion to the solar level of the chromospheric activity is itieal
to the solar variability, i.e. the solar and regressedastetriabil-
ities can be parameterised employing the approach deddribe
Sect[B and AppendixJA, then the resulting uncertainty can be
found by performing the Monte Carlo simulation. To do this we
considered a large number of sets consisting of 21 starsyEve
star in these sets represents the Sun at some random twenty-
year interval period (chosen from the full 9000-year dajased
with a random angle between the stellar rotation axes and the
direction to the observer. The RMsvariability of these stars
is calculated, employing the approach described in S&atd3 a
AppendiXA and the Knaack et lal. (2001) dependency of the 11-
year variability on the angle between the solar rotatiors arel
the direction to the observer. For every set we calculated th
mean RM$%g variability of the stars in the set, so for every pair of
Vit andVy; parameters we have a distribution of mean RMS
variabilities. This allows us to calculate the range\ef and
V11 parameters which can lead to the present value of the linear
codficients of the activity versus variability regression line.
Fig.[B.Q we mark the resultingi2uncertainty inV t parameter
with a shaded area.

The mean solar log;, index in the case of the strong sec-
ular component in chromospheric activity is -4.96 (see [B)g.
Using the solid blue line in Fid.J1 one can find that this index
corresponds to the.8- 10~ RMS variability. This value is in-
serted in the left panel of Fig.B.1 and one can see that itlyiel
Vit = (0.43%- 0.76%).

In the right panel of Figi_Bl1l we also plotted the contour
with V11 = 0.0002 mag and indicated fourftBrent values of the
expected solar variability, corresponding tdfelient treatments
of the chromospheric secular changes and two regressioms fr
Fig.[d. One can see that the minimum valu&/of equals QL7%.
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Fig.B.1. Left panel: The dependency of thgt parameter on the solar variability, retrieved from thelateflata. The shaded
area indicates the uncertaintyo{Rdue to the limited number of stars. Thee; parameter is set to 0.00044 mag. The dashed line
corresponds to the expected mean solar variability RVS 0.00082. The projection ont¥| t-axis yields the 95% interval for
expected long-term variability of the Sun48% < V.1 < 0.76%. Right panel: The same as the left panel, but the contdeulated
with V1; = 0.0002 mag is added. The four dashed lines correspond tovidues of expected mean solar variability RMS
0.00097 mag (no chromospheric secular changes, regressiorsolid line from Fig.[1), 0.00082 mag (strong chromogihe
secular changes, regression with solid line), 0.00065 magliromospheric secular changes, regression with daistegdd.00053
mag (strong chromospheric secular changes, regressibndaghed line). The projection onto thgr-axis yields the interval
0.17%< Vi1 < 1.2%.
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Fig.B.2. Upper panel: RMg& back to 400 BC, adopting,t = 0.001 (lower curve) an®/ r = 0.005 (upper curve)Vy; is set to
0.0002 mag. Lower panel: Modulation potential back to 400 Bz interval in the right upper corner denotes the satadiit of
continuous solar irradiance measurements.
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