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ABSTRACT

A variation of gravitational redshift, arising from stelleadius fluctuations, will introduce
astrophysical noise into radial velocity measurementsifirsg the centroid of the observed
spectral lines. Shifting the centroid does not necessaritpduce line asymmetries. This is
fundamentally different from other types of stellar jittgo far identified, which do result
from line asymmetries. Furthermore, only a very small cleaimgstellar radius,~ 0.01%,
is necessary to generate a gravitational redshift varidiioge enough to mask or mimic an
Earth-twin. We explore possible mechanisms for stellaiusfluctuations in low-mass stars.
Convective inhibition due to varying magnetic field strdreggand the Wilson depression of
starspots are both found to induce substantial gravitaticedshift variations. Finally, we
investigate a possible method for monitoring/correcthig hewly identified potential source
of jitter and comment on its impact for future exoplanet shas.
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1 INTRODUCTION 2007; |Dumusque et all _2011; Boisse etal. 2011; Melolet al.
2007;| Bonfils et all 2007; Boisse et al. 2009; Queloz et al.2200
Hatzes et all 2010). Even with these removal techniquesseact
stars are still not ideal candidates for RV follow-up and tmes
often left out of planet surveys.

Unfortunately, even ‘quiet’ stars (those with little or nctig-
ity) exhibit jitter due to granulation and stellar osciitats. Gran-
ulation and stellar oscillations can introduce typical Ryhsls of
am s ! or higher (e.g._Schrijver & Zwaan 2000). For this small-
scale jitter, the currently implemented removal technicgsts on
adapting observational strategies to average out sucle risese
Pepe et al. 2011; Dumusque etial. 2011). However, this tqabni
is observationally intensive and does not provide inforamabn
the nature of jitter.

In order to confirm low-mass planets around low-mass stars it
is of utmost importance that we identify and understandastgt-
ter, in all its forms. In this paper, we outline another pblessource
of stellar jitter due to variations in gravitational red$hrhese vari-
ations could potentially arise from fluctuations in thelstetadius
or changes in the line formation height.

In Sectior 2, we discuss the implications that variable itgav
tional redshift has on exoplanet confirmation/detectios.iiVesti-
gate measurements of solar radius fluctuations in SedtiandBin
* E-mail: c.a.watson@qub.ac.uk Sectior % potential mechanisms to produce stellar radiaagss.

Space-based, photometric surveys have moved us into a aest er
exoplanet discovery. The Kepler mission alone has idedtif235
planetary candidates, 54 of which lie within the habitabimer
(Borucki et all 2011). However, radial velocity (RV) folloup is
mandatory for planet confirmation. To do this for low-masmngits
typically requires cm's* RV precision.

However, astrophysical noise sources (or stellar jitterg d
to spots, plages, granulation and stellar oscillations, elkkam-
ple, become an issue at the m!slevel. These phenomena al-
ter the shape of the stellar absorption lines, injectingrisps
or systematic RV signals that may mask or mimic planetary sig
nals. There are numerous examples of this occurring in the li
ature, e.g. HD 166435, HD 219542, TW Hya, LkCal9 and BD
+20 1790/(Queloz et &él. 2001; Desidera et al. 2004; Huélamd e
2008; Huerta et al. 2008; Figueira etlal. 2010).

Spots and plages can induce RV signals of 1-100 Th s
(Saar & Donahue 1997). There have been many attempts to re-
move this large-scale jitter using spot simulations, Kealemod-
els, hisector analysis, harmonic decomposition, and Epamal-
ysis etc. (see_Saar & Donahue 1997; Hatzes 12002; Desott et al.
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In Sectior b, we discuss our findings and outline a possitlle so
tion.

2 GRAVITATIONAL REDSHIFT

As photons escape from the deep gravitational potential efel
their star they lose energy, causing a redshift in the oleskespec-
tral lines (e.g._Taylér 1994 Lindegren & Dravins 2003). Arayi-
ation in the gravitational redshift (GR) would result in acldsale
shift in the stellar absorption line positions which coulésk or
mimic a planetary signal. Unlike activity induced jitteowever,
there are no resultant line asymmetries. Thus, jitter fraRv@ri-
ations may prove more difficult to distinguish from the Dagpl
reflex motion caused by a planet.

Here, we estimate the magnitude of the potential RV signals
introduced by such a GR variation. The observed velocitft shi
the line centres, for a photon detected at an infinitely laigi&nce
from the stellar surface, is
GM
R @
where G is the gravitational constant, M is the mass of theRt&s
the radius of the star, and c is the speed of light. Given difmaal
stellar radius change (at constant mass), the observed variation
in velocity, §Vyrqv, would be
0R
= )
For the case of the Suly,.. is 636 m s'*. If, however, the solar
radius varied by only 0.01%, a distant observer would peecai
shift of ~ 6 cm s7. The RV signal produced from the Earth around
our Sun is only~ 9 cm s !. Thus a stellar radius change bf
0.01%, by any means, could potentially mimic or mask a Rvaign
from an Earth-like planet.

We are interested in the impact of GR jitter on all habitalxle e
oplanet detections. The habitable zone scales with hashetss,
as does the planetary RV signal. The RV signal from a hatatabl
Earth-mass planet around spectral types FO-MO varies flmuts8

Vgrav -

(SVgrav = Vg'rav-

-50 cm s . This means a much larger change in stellar radius is re-

quired for lower-mass host stars to produc8#4g.,.. large enough
to mask or mimic a planetary RV signal. This is shown in Fidlire
which displays the stellar radius change (expressed asargage)
required to cause &4, €qual in magnitude to the RV signal due
to a habitable Earth-mass planet orbiting stars of masSes18
M.

From Figurdl we find, for M dwarfs, a relatively large stellar
radius fluctuation{ 0.1%) would be necessary to generate a sub-
stantial enough GR variation to mask or mimic a habitablahzar
mass planet. Additionally, because a habitable planetingoa M
dwarf has a period of days or weeks this radius change wowd ne
to occur over this timescale as well. For G2V and higher mizss,s
we see a small~ 0.01%) change in stellar radius, over a year or
more, has the potential to induce GR jitter capable of maskin
mimicking an Earth-like RV signal. Thus, GR variations are u
likely to pose a problem when planet hunting around M dwarfs
due to the relatively large stellar radius change required cela-
tively short timescales. However, GR jitter could pose neigaif-
icant issues when searching around solar-like stars oruat@d
the smaller GR variation required over far longer timeszale
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Figure 1. Smooth curve represents the stellar radius change (express
a percentage) required to inducé 4. equivalent to an Earth-twin RV
signal. Circles represent, from right to left, spectraleypFO0, F5, GO, G2,
G5, KO, K5, and MO0. Dashed curves represent stellar radidatians of
50, 100 and 300 km.

the RV signal due to a change in stellar radius (assumed to be a
uniform contraction/expansion rate) over time to the cgpomding
Vyrav gives the characteristic timescatg,q., at which GR varia-
tions begin to dominate,

R?%c

) 3
i 3)
Thus, for low-mass stars we can rule out any radius fluctnstio

such as stellar oscillations (e.g. the 5 minute solar @), that
occur on atimescale less than about 10 days as sources oft&R ji

tg'r'av >

3 THE SOLAR RADIUS

Given that stellar radius changes can potentially mask aricnén
Earth-twin, we have searched for evidence of solar radiasgbs
in the literature. Theoretically, there are a number of jmtézhs of
solar radius fluctuations ranging from0.001 to 0.01% (where GR
jitter becomes an issue), largely due to magnetic field jatdgr For
example| Stothers (2006) argues using the virial theorereh-
ergy conservation requires a stellar radius decrease whgnetic
activity increases. Fazel etlal. (2008) suggest that magpets-
sure interferes with convection and causes the size of gotar-
ules to decrease, leading to an apparent decrease in theszbiles.
Mullan et al. (2007) also propose that magnetic pressuri oon-
tribute to hydrostatic support within the star, again legdb stellar
radius fluctuations.

Table[1 provides a summary of the most recent solar radius
variation measurements that we are aware of (this tabld-orig
nates from_Thuillier et al.| (2005); more recent results hbgen
appended). While some authors report solar radius charf@egloe
0.1%, the most recent space-based observations indieathé&so-
lar radius is stable to withir- 0.0001%. It is believed that the dis-
crepancies between the reported solar radius changes ntyebe
to atmospheric contamination of the ground-based obsengt
However, there is still an unexplained discrepancy betwesults
from stratospheric balloons and those made from space (@ah

Because a radius change means that the stellar surface is re2010). In conclusion, there is no concrete observation@eexce
ceding or approaching the observer, we have also examireed th of appreciable solar radius changes on the timescales cabipa

Doppler-shift imparted by this motion. Equating the amyulé of

to the solar activity cycle.
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4 POSSIBLE SOURCES OF GR VARIATIONS

Given the lack of any clear observational evidence for s@dius
changes of the magnitude required to raise substantial t&R jive
now look at other possible mechanisms that may be important f
other stars/spectral types. We note that each of these misoi&a
will have their own jitter, however, it is beyond the scopetluf
letter to quantify these effects and we only consider the GIR-c
ponent.

4.1 Magnetic Activity
4.1.1 The Applegate Effect

Quasi-periodic orbital period modulations, over a timespé a
few years, have been observed in several eclipsing binay sy
tems (e.gl_Baptista etlal. 2003; Borges et al. 2008 and refese
therein); these are believed to be caused by the Applegtget ef
(Applegatel 1992). According to the Applegate effect thdlate
gravitational quadrupole moment changes due to the magaeti
tivity cycle, redistributing angular momentum within thess inte-
rior. The redistribution of angular momentum alters theatdaiess
of the star, thereby also causing stellar radius fluctuative at-
tempt to estimate the magnitude of this stellar radius céairgt in
the close binaries from Lanza & Rodono (1999) (excluding\esd
stars) and then later extrapolate to exoplanet host stars.
According tol Rudiger et al. (2002), we can use the orbital
period modulations¢ P/ P, observed in binaries to estimate the
change in gravitational quadrupole momehi;, via
opP
= = @)
where a is the semi-major axis. The gravitational quadeipod-
ment is also related to oblatenegs(Dicke|1970), and the stellar
radius (Barnes & Fortnéy 2003) via

2 Reg — Ry
37 Ry

2
SR,
a

2
nggfz 5)

where R, and R, are the stellar equatorial and polar radius, re-
spectively. Differentiating equatidd 5 with respect tg,Rwhere
we assume R, ~ R;) gives,

20R

e 6
IR (6)
Thus, we can estimate the fractional stellar radius chargge the
observed orbital period variation,

SR, _a &P
O

5J2 ~

2R2 P’ )
Using equation[J7, and the binary star parameters from
Lanza & Rodono [(1999), we estimate stellar radius chandes o
0.001-0.1% for the rapidly rotating low-mass stars in thege
tems. Unfortunately, such measurements of orbital perariav
tions do not exist for stars with rotation rates comparablthose
of exoplanet host stars (which are generally slowly rotgtiwe
therefore estimate the potential stellar radius changthése stars
assuming that a fixed energy budget is available to drive fhgeA
gate mechanism (as done by Watson & Marsh 2010). According
tolWatson & Marsh[(2010), the change in ene¥, required for
such orbital period modulations can be described as,

ey

P

1GPMa?

0B = 6 Q2R M,

®)

whereQ is the is the stellar rotational angular velocity and M
the mass of the convective shell.

As in|Watson & Marsh|(2010), the available energy budget is
constrained to 10% of the stellar luminosity such that,

E < aL_T7
™

C)
where L is luminosity, T is the timescale of the gravitatibna
guadrupole moment changes, amds 0.1. Substituting equation
[7 and® into equatidnl 8, we find that the fractional changesiliast
radius for a low-mass star over a year, due to the Applegathme
anism, contributes less than a cm'sof GR jitter. Therefore GR
jitter from the Applegate effect is most likely negligible slowly
rotating, low-mass exoplanet host stars.

4.1.2 Inhibition of Convection

The presence of a magnetic field has long been thought toitinhib
convection|(Makita 1958; Sprliit 2000). A decrease in theiefficy

of convection is thought to result in the suppression of fpetising
granules, possibly leading to an effective decrease in lhiserved
stellar radius as the magnetic field is increased. Since ggnatic
field over an activity cycle is variable, this mechanism mayse
apparent stellar radius changes on the timescale of years.

To further explore the impact that convective inhibitiorsha
on the effective stellar radius, we have simulated solavectpn
using the MURam code (Vogler etlal. 2005). The code solvggta
eddy radiative three-dimensional magnetohydrodynamiagons
on a Cartesian grid, and employs a fourth-order centragwiffce
scheme to calculate spatial derivatives. The numericalaitoimas
a physical size of 12 x 12 Mfin the horizontal direction and
1.4 Mm in the vertical direction (see Shelyag et al. 2011 fer d
tails). Continuum contribution functions were calculatedh nar-
row (1 nm) band centred &30.2 nm using the method described
inJess et all (2011). Since the total mass in the numericahdo
is conserved and the gravitational acceleration is asswoestant
throughout the domain, the change in height of the photogptee
diation formation in the model can be directly related to¢change
in the solar radius.

Models of the solar photosphere were generated assuming an
average magnetic field of 50, 100, 150 and 400 G. To reducerdiff
ences introduced by stellar oscillations the contribufiamctions
for each model were calculated at the same oscillation pivse
find that the 50 G model has a centre of gravity3 km higher
than that of the 100 Gs» 7 km higher than the 150 G, and 40
km higher than the 400 G model. This corresponds to a GR jitter
ranging from~ 0.3 - 4 cm s*. Therefore, our simulations suggest
that the inhibition of convection due to increasing magnéeld
strength can be a possible source of GR jitter.

4.2 Wilson Depression of Starspots

Itis well known that sunspots are depressed compared tdtitep
sphere (the Wilson depression). The depth of the Wilsonedsjmn
has been estimated in many previous studies, ranging fram 50
2500 km (e.g Suzuki 1967; Balthasar & Woehl 1983; Watsonlet al
2009). The spectral contribution of a sunspot with a Wilseprés-
sion of 1400 km would be gravitationally red-shifted ky1.3 m
s~! compared to the immaculate photosphere. However, as a spot
contributes only a small amount of the total observed stélx,
the net effect on the RVs will be much smaller.

In order to estimate the amplitude of GR jitter from the Wilso
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depression, we have created a model spotty star. Linefdisspec-

tral types G2V and K5V were downloaded from the Vienna Atomic
Line Database (VALD-see Kupka et al. 2000; Kupka et al. 1999)
Synthetic G2V and K5V spectra were then generated by convolv
ing these line-lists with an intrinsic line profile with maturbu-
lence calculated from Valenti & Fischer (200%%ini =0 km s %,

an instrumental broadening = 2.6 km's and microturbulence =
1.5 km s!. The total synthetic spectrum for the spotty star was
then modelled as the sum of the G2V spectrum (representing th
immaculate photosphere) and the K5V spectrum (represggtitan
cooler spots); we assumed a spot filling factor of 0.01. Wetks
two different depths for the Wilson depression,1400 km and
3500 km; to do this the spectral contribution from the spotsew
shifted by~ 1.3 and 3.2 ms', respectively (the shift expected due
to GR). To measure the net RV shift induced by the GR compo-
nent of the Wilson depression, we cross-correlated theshifted
model spectrum with each of the two GR-shifted model spetdru
This process was repeated assuming a cooler spot, credtgdaus
MOV spectrum.

For the model star with K5V spots, we find net RV shifts of
~ 2 and 3 cm s' for Wilson depression depths ef 1400 km
and 3500 km, respectively; for the model star with MOV spoés w
find net RV shifts of~ 1 and 2 cm s*. The model star with K5V
spots produces larger net RV shifts because the spot compone
is brighter and therefore contributes more to the overaX. fithe
depth of the Wilson depression determines the magnitudedRY
shifts as a larger depth induces more GR jitter. Overallafquiet
solar-type star, GR jitter from the Wilson depression is nlikely
afewcm s, which is not negligible when searching for habitable
low-mass planets. We stress, however, that the presengaotsf s
will introduce other sources of jitter. For example, sinoavec-
tion is inhibited within a spot, the convective blueshifggically
100’s m s *,|Asplund et al. 2000) is also inhibited. This would sig-
nificantly shift the spotty spectrum relative to the immatelpho-
tosphere.

5 DISCUSSION

Changes in the observed spectral lines have the potentizd$é or
mimic the presence of a planet. In this paper, we have shoatn th
a stellar radius fluctuation of even 0.01% can induce a GRavari
tion large enough to shift the centroid of spectral lines~b% cm
s~1. We have also calculated a characteristic timesc¢gle,, over
which stellar radius fluctuations must occur for GR jittedtami-
nant the RVs. From this we have found that GR jitter is a dotgina
noise source for stellar radius changes occurring on petmyer
than~ 10 days for low-mass stars. In light of this, we explored cur-
rent solar radii measurements and potential mechanisnrsdoipe
such stellar radius changes.

We find there is no universally accepted answer to the con-
stancy of the solar radius. Most recent space-based measote
indicate a solar radius change of only 0.0001%. Howevesjstiot
in agreement with measurements from ground-based insirsme
though there is reason to believe these may be systemmtafall
fected by the atmosphere. Missions such as PICARD and SDO may
hold the key to high precision solar radius measurementseirfiu-
ture (The Picard Team etlal. 2006; Pesnell et al. 2011).

We explored the origin of potential stellar radius changes.
slowly rotating, low-mass stars we find that the Applegafectf
is most likely negligible. However, from our simulations \ired
changes in surface convection patterns, due to varying eta&gn

field strengths, alter the effective stellar radius suffidiefor ap-
preciable GR jitter in the habitable planet regime. In ddditthe
Wilson depression of starspots was also found to contribsigb-
stantial GR shift when compared to Earth-like RV signalsergh
fore GR jitter could be an important and hitherto unrecogghias-
trophysical noise source. We note here that although signifj
GR jitter may be overwhelmed by other line-altering mechars
such as the Paschen-Back effect, which will be discusseébirta
coming paper.

Nonetheless, confronted with this new noise source, we be-
lieve precise measurements of transit duration variat{dmVs)
could be the key to removing GR jitter. As the stellar radius e
pands or contracts, the transit duration would increasesoredise
accordingly. Measurements of the TDV would allow us to calcu
late the change in stellar radius and thus monitor the GRatiari
at some level.

This method does have its limitations as very precise photo-
metric measurements are necessary to detect the poteDiaFor
example, if the solar radius were to change by 60 kn9(01% R),
then the transit duration of the Earth would differ ky3 s. The
lower limit of the TDV is set by transits with an impact factoi
zero, while grazing planets would exhibit larger TDVs, araht
sits may even disappear in extreme cases. Naturally, howtig
would not enable the correction of GR jitter due to deprespeds.

In conclusion, we have identified a new potential source of
stellar jitter in the form of GR variations and outlined @ifént
mechanisms capable of generating cm sariations. This may be
important in the RV follow-up and confirmation of low-mass-te
restrial planets and Earth-like worlds.
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Table 1. Summary of observational measurements of solar radiusufitions over an activity cycle, published primarily in tlast ten years. Results are
separated by location: G: ground-based, A: atmospheredb&s space-based.

References Location Method/ A Period Radius
Instrument Change (%)
Selhorst et al. (2004) G Radio Waves 16 GHz 1992-2003 0.1
Sofia et al. (1985) G Eclipses Visible 1925/1979 0.01
Sveshnikov (2002) G Mercury Visible 1631-1973 0.01
Delmas & Laclare (2002) G Astrolabe 540 nm 1978-2004 0.01
Reis Neto et al. (2003) G Astrolabe 563.5 nm 1998-2000 0.01
Noél (2004) G Astrolabe 540 nm 1991-2002 0.01
Emilio & Leister (2005) G Astrolabe 1972-1998 0.01
Chapman et al. (2008) G Scanning 672.3 nm 1986-2004 0.01
Penna et al. (2010) G Astrolabe 1997-2008 0.01
Brown & Christensen-Dalsgaard (1998) G Meridian 800 nm 19887 < 0.01
Wittmann (2003) G Meridian 585 nm 1972-2002 < 0.01
Lefebvre et al. (2006) G Scanning 525 nm 1970-2003 < 0.01
Badache-Damiani & Rozelot (2006) G Astrolabe 1998-2003 0D.0.01
Kilic et al. (2005) G Astrolabe 550 nm 2001-2003 0.001
Egidi et al. (2006) A SDS 600 nm 1992-1996 0.01
Bush et al. (2010) S MDI 676.8 nm 1995-2009 < 0.001
Antia (2003) S Helioseis 1995-2004 0.0001
Dziembowski & Goode (2005) S MDI 1996-2004 0.0001
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