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ABSTRACT

The precisions of extrasolar planet radius measurements are reaching the point at which meaningful and
discriminatory comparisons with theoretical predictions can be made. However, care must be taken to account
for selection effects in the transit surveys that detect the transiting planets for which radius measurements are
possible. Here | identify one such selection effect, such that the number of planets withRadius  detected in

a signal-to-noise ratio limited transit survey is proportionaRfo , with4-6 . In tles@nce of a dispersion
o in the intrinsic distribution of planet radii, this selection effect translates to biesthe radii of observed
planets. Detected planets are, on average, larger by a fractional ameurfv/(R,))? relative to the mean radius

(R,) of the underlying distribution. | argue that the intrinsic dispersion in planetary radii is likely to be in the
ranges = (0.05-0.12R, , where the lower bound is that expected theoretically solely from the variance in stellar
insolation, and the upper bound is the 95% c.l. upper limit from the scatter in observed radii. Assuming an
arbitrary but plausible value of(R,) ~ 10% , and thins- 6% , | infer a mean intrinsic radius of close-in massive
extrasolar planets dR,) = (1.01%= 0.03)R, . This value reinforces the case for HD 209458b having an anom-
alously large radius, and may be inconsistent with coreless models of irradiated giant planets.

Subject heading: planetary systems — planets and satellites: general — stars: individual (HD 209458)
Online material: color figures

1. INTRODUCTION a satisfying explanation (Guillot & Showman 2002; Burrows
et al. 2003; Baraffe et al. 2003; Deming et al. 2005; Winn et

After many years of effort, transit searches for extrasolar - 2005), these comparisons have generally resulted in agree-
planets have recently come to fruition, with the detection of ment between theory and observations (Bodenheimer et al.
six extrasolar planets via the transit method. Most of these 2003; Burrows et al. 2004; Chabrier et al. 2004; Guillot 2005;
planets were discovered in deep Galactic field surveys by theLaughlin et al. 2005). Although detailed inferences about the
OGLE collaboration (Udalski et al. 2002a, 2002b, 2002c, ensemble properties of giant close-in planets are not yet pos-
2003), and subsequently confirmed via radial velocity follow- sible, the expected precisions should be sufficient to distinguish
up (Konacki et al. 2003a, 2003b, 2004, 2005; Bouchy et al. between, e.g., models with and without a large solid core.
2004, 2005; Pont et al. 2004, 2005; Moutou et al. 2004). One Before celebrating the agreement between the theoretical pre-
was discovered in a shallow, wide-angle field survey by the dictions and observational constraints on extrasolar planetary
TrES collaboration (Alonso et al. 2004). Along with the tran- radii, we should be certain that all relevant biases in the obser-
siting planet HD 209458b (Henry et al. 2000; Charbonneau et vations and/or theoretical predictions have been identified. Bur-
al. 2000), originally discovered via radial velocity surveys (Ma- rows et al. (2003) identified one such bias, such that the planet
zeh et al. 2000), seven transiting planets are currently known,radius as inferred from a transit light curve~8%—10% larger
with many more sure to follow. _ N than the photospheric radius predicted by models, due to the fact

The photometric light curve of a star with a transiting planet, that rays from the primary passing perpendicular to the planet
when combined with detailed spectroscopic follow-up includ- yagjus vector suffer a longer path length through the atmosphere.
ing precise radial velocities, yields the planet radRys , mass The purpose of this Letter is to point out that there exists an
M,, and semimajor axi®, along with the masd, , radius  qgitional selection effect on the radii of planets detected in S/N-
R,, and effective temperature of the host star. Of the routinely jinire field transit surveys. This selection effect is such that the
observable properties of transiting extrasolar planets, the rad'ushumber of detected planets is proportional Rg Wit
is the primary diagnostic for testing theoretical models. Cur- 4-6 In the presence of intrinsic scatter in the dist,ribution of

rently, the radii of the seven known transiting planets are de- planetary radii, this translates directly into a bias in the mean

termined to precisions kR ,/R, = 6R, ~ 5%-10% . A num- . : A .
ber of different sources of uncertainty contribute to the total radius of detected planets relative to the intrinsic population.

error, but ultimately the uncertainty in the radius of a transiting 11IS Pias can affect comparisons of theoretically predicted radii
planet is limited by the uncertainty in the primary mass, such with the ensemble distribution of observed planet radii. It will

thatsR, ~ 36M, . Stellar masses can be inferred with precisions also affect the interpretations of individual systems if there exist
of ~10%_20%, and thus in the future we can expect to be ableunaccounted'for dependenceS of the radius on unobservable pa-

to measure planetary radii te3%—7%. rameters of the system, such as the migration timescale or an
The steadily increasing number and precision of planet radiusindeterminate amount of internal heating. Note that the bias iden-
measurements, along with improvements in the theoreticaltified here operates in ttsame sense as the Burrows et al. (2003)
models of irradiated giant planets, has led many authors to“transit radius” effect. Therefore, these two biases can easily
present detailed comparisons between measured radii andombine to yield~10% differences from the usual naive com-
model predictions. Other than the mysterious case of HD parisons. These biases are easy to understand. However, they
209458b, whose anomalously large radius continues to eludemust be acknowledged and considered when drawing conclu-
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sions about the agreement (or lack thereof) between theory and At a limiting (S/N),,,, the maximum stellar distance out to

observations. which a transiting planet can be detected is therefbrg oc
RZ. The number of planets detected is proportional to the total
2. SELECTION EFFECTS IN FIELD TRANSIT SURVEYS volume over which a planet gives rise to a transit with

Field for t ii lanet biect t b S/N 2> (S/N),.i.- Assuming a constant volume dengitgf stars
. Iel f_urve¥fs ?r rar?_5|h|ng pi':medstarebsu Je% dq ?.?)“ft".‘ €land no dust, the number of planets that can be detected is
of selection etlects, which can leéad o observed aIStroutions v afore proportional td., o< RS . If the intrinsic distribution

of planetary parameters that are biased with respect to theof planetary radiiig (R ) = dn/dR, , the observed distribution
underlying intrinsic distributions. These selection effects have of planetary radif (IR 5’ will be P
been discussed by Gaudi et al. (2005) and Pont et al. (2005), NP
although these studies were primarily concerned with biases in
the periods of detected extrasolar planets and did not consider fo(Ry) o< fi(R,)RS, )
the bias with respect to planetary radius in any detail. Pepper
et al. (2003) and Gaudi et al. (2005) present simple scalingwith « = 6. | leavex as a free parameter to allow for departures
relations for the number of planets detected in a S/N-limited from the ideal case, as discussed below.
field transit survey, as a function of the parameters of the star There are a number of assumptions that enter into the der-
and planet. | review the basic steps here but refer the readeivation of equation (3), some of which | have explicitly stated,
to these papers for a more detailed derivation of these relationsand others of which are reviewed in Gaudi et al. (2005). The
The total signal-to-noise ratio (S/N) of the photometric de- most relevant for the present discussion are the assumptions
tection of a planetary transit is of a constant volume density of stars, no dust, Poisson noise—
limited photometry, and a S/N-limited survey. All of these are
S/N = N2 (_) (1) violated to some extent in the actual field surveys that have
v \g. /"’ detected transiting extrasolar planets. S. Dorsher et al. (2005,
P in preparation) calculate the expected scaling of the number of
whereN, = (R,/ra)N,, is the total number of points in transit, detected planets witR,  for the OGLE surveys, using a realistic
N, is the total number of data points in the light curée= Galactic model of the source star and dust distribution, in-
(R,/R,)? is the depth of the transit, and, is the single-mea- cluding the joint distribution of host star luminosities and radi,
surement relative photometric precision. In terms of funda- @nd considering the actual error properties of the OGLE pho-

mental parameters of the planet and star, the S/N scales as tometry. They find that the number of detected planets is a
high power ofR, , but with a somewhat smaller exponent than

SINoc R2T2R2a¥d ) o = 6. The range isx ~ 4-6 , with lower indices expected for
planets with smallea. The properties of the TrES survey have

whereT,, is the equilibrium temperature of the planet, and | not been described in detail, so I will assume for simplicity
have assumed that, is limited by Poisson noise, such thatthat they are similar to the OGLE survey.
0., < L,M?d, whereL, andd are the luminosity and distance
of the host star, respectively. 3 THE RADIUS BIAS

I note that the various factors in equation (2) are unlikely
to be independent. For example, it may be that planet properties It is clear from equation (3) that due to thR§  selection
are correlated with host star mass and thRys . In addition, effect in S/N-limited transit surveys, the observed distribution
models of irradiated planets predict that their radii will likely of planet radii will be a biased subset of the underlying intrinsic
depend on the amount of stellar insolation absorbed by thedistribution. For example, the mean of the observed distribution
planet. ThusR, is expected to be correlated With , although will generally be larger than the mean of the underlying dis-
precise predictions for this correlation are hampered by antribution. As a result, if this bias is not taken into account,
incomplete understanding of the physical processes involvedincorrect inferences about the population of planets as a whole
with the absorption and redistribution of the energy from the could be drawn from the properties of observed planets.
incident stellar radiation. There is also observational evidence The magnitude of the bias will clearly depend on the intrinsic
that the mass of close-in giant planets is correlated ayiguch distribution of planets. To provide a quantitative estimate of
that planets closer to their parent star are more massive (Gaudihe bias, | adopt a Gaussian form for the intrinsic distribution
et al. 2005; Mazeh et al. 2005). All else equal, this would lead f; of planet radii, with meafR,) and standard deviatoifhe
to a correlation oR,, witha. Laughlin et al. (2005) argue that mean(R,), and standard deviatiep  of the observed planet
such a correlation betwed, aadargely explains the ap-  distributionf, can then be calculated in the usual way. Although
parent discrepancy between the period distributions inferredexact analytic expressions f@R,), angd can be found, they
from radial velocity surveys and transit surveys. This is un- are cumbersome and not particularly illuminating. The bias,
likely to be correct, first because the evidence for a correlation defined here as the fractional difference between the mean of
of R, with ais weak, and second because even for the strengththe observed distribution relative to the mean of the intrinsic
of the correlation quoted by Laughlin et al. (2005), the mag- distribution,b = ((R,), — (R,))/(R,) , is shown in Figure 1. For
nitude of resulting selection effect would be less than half that ¢/(R,) < 1, the observed distributiofy, is approximately a
due to the inevitable selection effect arising from the direct Gaussian. Therefore, the meanfpf can be approximated by
dependence oa (Gaudi et al. 2005). its maximum, which yields

Although these correlations are interesting topics for future

study, their contribution to the selection effects are unlikely to 1 1 o2 \V
dominate over the dire&; termin equation (2). | will therefore (Ro)o = (R,) 5t3 (1 + 4o 2) 2] : (4)
ignore the other terms for the remainder of the discussion and (Ry)

assumeS/Noc R2d™ .
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Fic. 1.—Bias vs. intrinsic dispersion in radii. The solid curve shows the Fic. 2.—Radius vs. mass for the seven known transiting extrasolar planets.

fractional difference between the observed and intrinsic mean radius (the bias)The circles show planets confirmed from follow-up observations of candidates
vs. the intrinsic dispersion in radii, assuming the intrinsic distribution is from the OGLE deep field survey, while the square shows TrES-1, which was
a Gaussian. The dotted curve shows a simple approximation derived from detected from a wide-angle, shallow field survey. The triangle shows HD
eq. (4). The long-dashed curve shows the bias assuming there exists an ad_209458b, WhICh was orlgmal_ly discovered using radial velo_cm(_es, and as such
ditional population of planets whose radii are inflated by 10% and constitute 1S Not subject to the same biases as the planets detected in field surveys. The
~10% of the total population of planets. The shaded region shows the likely shaded regions show the predictions of Bodenheimer et al. (2003) for radii of

range of intrinsic dispersion in radiiSge the electronic edition of the Journal irradiated planets with equilibrium temperatures in the range expected for the
for a color version of this figure] known transiting planetd,,, = 900-1800 K . These radii have been augmented

by 5% to roughly account for the “transit radius” effect discussed in Burrows
. et al. (2003). The dashed line and hatched region shows the mean radius and

The resulting bias using this approximation is shown in Figure 1; error of the intrinsic population of extrasolar planets, as inferred from “de-

it agrees well with the exact result. FekR ) < (o)™, biasing” the data from the six planets detected in field surveys, assuming an
intrinsic dispersion in radii of 10% Sge the electronic edition of the Journal
s \? for a color version of this figure]
b=a|—]. (5)
(Ry)

dispersiong. Although the assumption of a Gaussian distri-
bution of radii is reasonable, | stress that a bias existatfigr
intrinsic distribution with a finite dispersion.

One might be tempted to conclude that this bias only effects
inferences about the ensemble distribution of planetary radii,
and that point-to-point comparisons between calculations and
measurements of the radii of individual systems would be im-
mune to bias. This is not necessarily the case, however, because
The magnitude of the bias is relatively insensitive to the there may exist unobservat_)le or poorly const_ralned parameters

that effect the planetary radius, such as the migration timescale,

fsci)(;rgr otfhéh?:allrsnemi]rsl I(\:/vﬂlics:tr?btﬁgogh(lﬁ%f.Ssnae?seﬁz\gplti’ecggr'm age of the system, or an indeterminate amount of internal heat-

assumed in the above analysis, but there exists an additionall¥: These hidden parameter dependences may give rise (o a

; » ; dispersion in planetary radii at fixed values of the observable
population of “inflated” planets. The inflated planets have the L
same dispersion as the other planets, but their mean radii are?;c;ﬁjrgiaﬂr?r:ihﬁ'baen:xbsscrt\é %dbggggt(;i l:ﬁigeﬁcs) ?nac\i)er aolﬁart?:r
larger by 10% and are 10 times less common. Such a populatio 9 b P 9

: L . : r}ypical values of these hidden parameters
might be indicated by the existence of HD 209458b, which ) ) - . .
appears to have an anomalously large radius. In this case, the Although the primary purpose of this paper is to simply point

A L g out the existence of a radius bias, it is interesting to reconsider
bias is very similar, as shown in Figure 1. the comparison between models and data in light of this pre-
viously unaccounted-for effect. To do so, | use the predictions
of models of irradiated giant planets by Bodenheimer et al.

| have argued that there exists a bias in the radii of extrasolar(2003) and Laughlin et al. (2005). Predictions of other models
planets detected in field transit surveys. This bias arises fromare similar, although there are discrepancies attt@% level.
the fact that there exists a strong selection effect in these surd use these models simply because these authors present their
veys, such that the number of planets detected is proportionalpredictions in an easily accessible numerical form, specifically
to R}, with o ~ 4—-6. The magnitude of this bias depends on as tables of predicted radii as a function of planet mégs
the form of the intrinsic distribution of planet radii, and is andT,, (Bodenheimer et al. 2003), and as predictions for spe-
b ~ a(o/(R,))? for a Gaussian distribution with megR,) and cific systems (Laughlin et al. 2005). These models span planet

Thus, if the intrinsic distribution of planet radii has a standard
deviation of 10%, the mean of the observed planets will be
larger than that of the underlying population 8%%—6%. |
note that theRj selection effect also tends to result in an ob-
served dispersion that is smaller than the intrinsic dispersion.
However, foro/(R,) = 25%, the intrinsic and observed dis-
persions differ by<=10% fora < 6.

4. SUMMARY AND DISCUSSION
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masses in the rangd, = (0.11-3M; , equilibrium tempera- on the intrinsic dispersion 8.12R, , respectively. Thus, the in-
tures in the rangd,, = 113-2000 K , and consist of models trinsic dispersion is likely in the rang®.05-0.12R,
with and without solid cores of mass 20, for M, < M, and Without detailed knowledge of the intrinsic scatter in the
40Mg for M, > M. | increase all model radii by 5% to roughly  radii of giant planets, it is difficult to assess the effect of the
account for the “transit radius” effect discussed by Burrows et bias on the current data set with any confidence. | will therefore
al. (2003). This is somewhat larger than the magnitude expectecbroceed rather speculatively. For definiteness, | will adopt
for more massive planets such as OGLE-TR-56b (Burrows et = 0.1R,. Although arbitrary, this value seems plausible,
al. 2004), and about half that expected for less massive planetgiven expectations about the variance in planet properties and
like HD 209458b (Burrows et al. 2003). | augment the specific histories. Assuming = 6 , this gives a biastoft= 6% . Using
predictions of Laughlin et al. (2005) to include the recently this to “debias” the mean radius of the observed planets gives
confirmed planet OGLE-TR-10, using the stellar and planet an estimate of the mean intrinsic radius of close-in massive
parameters from Konacki et al. (2005), but accounting for the extrasolar planets oR,) = (1.01+ 0.03)R, . In contrast, the
improved photometry of Holman et al. (2005). Linearly inter- models of Bodenheimer et al. (2003) and Laughlin et al. (2005)
polating from Table 1 of Bodenheimer et al. (2003), the pre- predict(R,) = (1.16 = 0.01)R, for coreless planets with the
dictions for the radius of this planefl(, = 1196 K ) are observed masses and effective temperatures. Provided that the
R, = 1.04R, andR, = 1.1R, for models with and without a models of Bodenheimer et al. (2003) span the full range of
core, as compared to the (preliminary) measured radius ofintrinsic planet properties, then this inferred value of the mean
R, = (1.06 = 0.06)R, intrinsic radius implies that the majority of planets have a mas-
Figure 2 shows the radii of observed extrasolar planets, to-sive core. This also strengthens the case for HD 209458b having
gether with the predictions of Bodenheimer et al. (2003) for the a anomalously large radius.
range ofT,, spanned by these systefig~ 900-1800 K . As  Although these results are tantalizing, | stress that the com-
has been noted by numerous authors, the radius of HD 209458Iparison between the measured radii and theoretical predictions
is anomalously large. It is important to emphasize that this objectpresented here is only preliminary. A more detailed study
is not subject to the bias discussed here, as it was originally should be performed using a full suite of theoretical predictions,
discovered via radial velocity measurements. The aveoage  and a more careful consideration of the observational and the-
served radius of the remaining six planets 1sO7R, , with an oretical biases.
error in the mean 00.02R;, and an rms @05, . The intrinsic
dispersion is consistent with zero, however the true dispersion
is likely considerably larger. Just from the variancelly , the  This work was supported by a Menzel Fellowship from the
models of Bodenheimer et al. (2003) predict a dispersion of 3%—Harvard College Observatory. | would like to thank Matt Hol-
5%. Any additional variance in the properties of the systems thatman, Dimitar Sasselov, and Josh Winn for valuable comments
affect the planet radius (i.e., in the age, metallicity, or core mass)on the manuscript and general encouragement, and the anon-

would give rise to a larger dispersion. The 95% c.l. upper limit ymous referee for a prompt and helpful report.
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Note added in proof.—Recently, Holman et al. (2005) have revised their measurement of the radius of OGLE-TR-10 from the

preliminary value ofR, = (1.06 = 0.06)R, used in this Letter to the larger vaRg= (1.16 + 0.05R,
gualitative impact on the conclusions presented here, although it does change some of the quantitative results. In particular, th
average observed radius of close-in giant planef®j5 = (1.10* 0.03)R,

. This revision has no

, the intrinsic dispersion in radii is likely in the range

o = (0.05-0.13R,, and the inferred average intrinsic radiusfs,) = (1.03+ 0.03R,



