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ABSTRACT
We present new limits on an isotropic stochastic gravitational-wave background (GWB) using
a six pulsar data set spanning 18 yr of observations from the 2015 European Pulsar Timing
Array data release. Performing a Bayesian analysis, we �t simultaneously for the intrinsic
noise parameters for each pulsar, along with common correlated signals including clock, and
Solar system ephemeris errors, obtaining a robust 95 per cent upper limit on the dimensionless
strain amplitude A of the background of A < 3.0 × 10�15 at a reference frequency of 1 yr�1

and a spectral index of 13/3, corresponding to a background from inspiralling supermassive
black hole binaries, constraining the GW energy density to �gw(f)h2 < 1.1 × 10�9 at 2.8 nHz.
We also present limits on the correlated power spectrum at a series of discrete frequencies, and
show that our sensitivity to a �ducial isotropic GWB is highest at a frequency of �5 × 10�9 Hz.
Finally, we discuss the implications of our analysis for the astrophysics of supermassive black
hole binaries, and present 95 per cent upper limits on the string tension, Gµ/c2, characterizing
a background produced by a cosmic string network for a set of possible scenarios, and for a
stochastic relic GWB. For a Nambu�Goto �eld theory cosmic string network, we set a limit
Gµ/c2 < 1.3 × 10�7, identical to that set by the Planck Collaboration, when combining Planck
and high-� cosmic microwave background data from other experiments. For a stochastic relic
background, we set a limit of �relic

gw (f )h2 < 1.2 × 10�9, a factor of 9 improvement over the
most stringent limits previously set by a pulsar timing array.

Key words: gravitational waves � methods: data analysis � pulsars: general.

1 INTRODUCTION

The �rst evidence for gravitational-waves (GWs) was originally
obtained through the timing of the binary pulsar B1913+16. The
observed decrease in the orbital period of this system was found to
be completely consistent with that predicted by general relativity,
if the energy loss was due solely to the emission of gravitational
radiation (Taylor & Weisberg 1989). Despite a decrease of only
2.3 ms over the course of 30 yr, by exploiting the high precision
with which the time of arrival (TOA) of electromagnetic radiation

� E-mail: ltl21@cam.ac.uk

from pulsars can be measured, deviations from general relativity
have been constrained by this system to be less than 0.3 per cent
(Weisberg, Nice & Taylor 2010).

Since then, observations of the double-pulsar, PSR J0737�3039,
have provided even greater constraints, placing limits on devia-
tions from general relativity of less than 0.05 per cent (Kramer et al.
(2006), Kramer et al. in preparation). It is this extraordinary preci-
sion that also makes pulsar timing one possible route towards the
direct detection of GWs, which remains a key goal in experimental
astrophysics.

For a detailed review of pulsar timing, we refer to Lorimer &
Kramer (2005). In general, one computes the difference between
the expected arrival time of a pulse, given by a pulsar�s timing
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Mass determinations of HD 3167 b and HD 3167 c 5

al. 2015), which is based on theVALD3atomic database
(Ryabchikova et al. 2011). Te� is obtained by removing
trends between the abundance of a given element and
the respective excitation potential; logg? is derived by
assuming the ionization equilibrium condition, i.e., by
requiring that for a given species the same abundance
(within the uncertainties) is obtained from lines of two
ionization states (typically neutral and singly ionized
species);vmic and [Fe/H] are estimated by minimizing
the slope of the relationship between abundance and the
logarithm of the reduced EWs. Equivalent widths are
measured using the codeDOOp(Cantat-Gaudin et al.
2014), a wrapper ofDAOSPEC(Stetson & Pancino 2008).
The photospheric parameters are derived with the code
FAMA(Magrini et al. 2013), a wrapper of MOOG(Sneden
et al. 2012).

The three techniques provide consistent results, re-
gardless of the used spectrum and/or method. While
we have no reason to prefer one method over the
other, we adopted the results ofMethod 1 applied on
the FIES, HARPS, and HARPS-N spectra. The �-
nal adopted values for Te� , logg?, [Fe/H], and v sin i ?
are the averaged estimates we obtained using the �rst
method; the corresponding uncertainties are de�ned as
the square root of the individual errors added in quadra-
ture, divided by three. We obtained Te� = 5286� 40 K,
logg? = 4.53� 0.03 (cgs), [Fe/H] = 0.03� 0.03 dex, and
v sin i ? = 1.8� 0.4 km s� 1 (Table 2). Our results are in
fairly good agreement with the spectroscopic parameters
derived by Vanderburg et al. (2016).

4.2. Stellar mass, radius, and age

We followed the same method adopted by Vander-
burg et al. (2016) and derived the mass, radius, and
age of HD 3167 usingPARAM, an on-line interface for
Bayesian estimation of stellar parameters5. Briey,
PARAMinterpolates the apparent visual magnitude, par-
allax, e�ective temperature and iron abundance onto
PARSECmodel isochrones (Bressan et al. 2012), adopt-
ing the initial mass function from Chabrier (2001). We
used our spectroscopic parameters (x4.1) along with
the V-band magnitude listed in the EPIC input catalog
(V = 8.941 � 0.015 mag) and the Hipparcos ' parallax
(21.82� 1.05 mas, van Leeuwen 2007)6. Following the
method outlined in Gandol� et al. (2008) and using the
broad-band photometry available in the EPIC input cat-
alog, we found that the interstellar reddening is indeed
consistent with zero (Av = 0.02 � 0.03 mag), as expected
given the short distance to the star (45.8� 2.2 pc). We

5 Available at http://stev.oapd.inaf.it/cgi-bin/param .

6 Gaia 's �rst data release does not report the parallax of
HD 3167.

set the interstellar absorption to zero and did not correct
the apparent visual magnitude.

HD 3167 has a mass ofM ? = 0 :877� 0:024 M � and a
radius R? = 0 :835� 0:026 R� , implying a surface grav-
ity of log g? = 4.51 � 0.03 (cgs), in agreement with the
spectroscopically derived value (x4.1). The isochrones
constrain the age of the star to be 5� 4 Gyr.

4.3. Stellar activity and rotation period

The average Caii H & K activity index log R0
HK , as

measured from the HARPS and HARPS-N spectra,
is � 5.03� 0.01 and � 5.06� 0.02 dex, respectively, in-
dicative of a low chromospheric activity level7. We
checked if the extrinsic absorption, either from the in-
terstellar medium (ISM) or from material local to the
system, biases the measured values of logR0

HK (Fos-
sati et al. 2013, 2015). The far-ultraviolet (FUV) stel-
lar emission, which originates in the chromosphere and
transition region, provides instead an unbiased measure
of the stellar activity (Fossati et al. 2015). We mea-
sured the excess of the chromospheric FUV emission
{ directly proportional to stellar activity { by estimat-
ing the di�erence between the measured GALEX FUV
ux and the photospheric ux derived from a MARCS
model with the same photospheric parameters as the
star (Gustafsson et al. 2008) rescaled to �t the observed
optical (Johnson and Tycho) and infrared (2MASS and
WISE) photometry of HD 3167. The �t accounts for the
interstellar extinction reported in x4.2. We obtained
an excess emission in the GALEX FUV band of about
260 erg cm� 2 s� 1, indicative of a low level of stellar activ-
ity (Shkolnik et al. 2014), in agreement with the logR0

HK
value. This provides evidence that the Caii activity in-
dex logR0

HK is very likely not biased by extrinsic ab-
sorption.

The light curve of HD 3167 displays a 0.08 % ux drop
occurring during the �rst half of the K2 observations
and lasting for about 35-40 days (Fig. 1). If the vari-
ation were due to an active region moving in and out
of sight as the star rotates around its axis, then the
rotation period of the star should be at least twice as
long, i.e., 70-80 days. Such a long rotation period seems
to be unlikely for a K-type dwarf and is inconsistent
with our v sin i ? measurement and stellar radius deter-
mination (see below). Figure 2 shows the distribution
of the rotation period of 3591 late G- and early K-type
dwarfs as measured by McQuillan et al. (2014) using
Kepler light curves. We selected onlyKepler stars with
photospheric parameters similar to those of HD 3167,
i.e., objects with 5170� Te� � 5370 K and logg? � 4.40

7 As comparison, the activity index of the Sun varies between
� 5:0 and � 4:8 dex.
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for ultra-short period planets, RV measurements taken
on a single night mainly reect the orbital motion of the
planet rather than other, longer period phenomena such
as stellar rotation, magnetic activity, and additional
planets. If we can sample a su�cient time segment of
the Keplerian curve, then these nightly \chunks" can
be shifted until the best �t to the orbital motion is
found. This method was successfully used to determine
the mass of the ultra-short period planets CoRoT-7b
(Hatzes et al. 2011) and Kepler-78b (Hatzes 2014).

The ultra-short period planet HD 3167 b is well suited
for application of the FCO method. This technique is
particularly e�ective at �ltering out the RV jitter due to
activity. The star has an estimated rotation period of
about 23.5 days (x4.3), which is longer than the orbital
period of HD 3167 b. Although HD 3167 is a relatively
inactive star, the FCO method helps in �ltering out even
a small amount of activity. HD 3167 c has an orbital pe-
riod of about 29.95 days, which results in a change of
less than 0.01 in phase within the nightly visibility win-
dow of the target (� 5-6 hours). The RV of the star due
to the outer transiting planet does not change signi�-
cantly during an observing night. Moreover, each of the
three data sets has its own zero-point o�set, which is
naturally taken into account by the method. Finally,
the FCO technique also removes { or at least greatly
minimizes { any long term systematic errors, such as
the night-to-night RV drifts of FIES ( x3).

We modeled the FIES, HARPS and HARPS-N RV
measurements with our codepyaneti (Barrag�an et al.
2016), a MCMC-based software suite that explores the
parameter space using the ensemble sampler with the
a�ne invariance algorithm (Goodman & Weare 2010).
Following Hatzes et al. (2011), we divided the RVs into
three subsets of nightly measurements { one per in-
strument { and analyzed only those radial velocities
for which multiple measurements were acquired on the
same night, leading to a total of 12, 15, and 11 chunks
of nightly FIES, HARPS, and HARPS-N RVs, respec-
tively. The best �tting orbital solution of HD 3167 b
was found keeping period and transit ephemeris �xed
to the values derived by our joint analysis described in
x5.3, but allowing the RV semi-amplitude variation K b

and the 38 nightly o�sets to vary. We also �tted for
p

eb sin ! ?;b and
p

eb cos! ?;b , where eb is the eccen-
tricity and ! ?;b is the argument of periastron of the star
(Ford 2006). We adopted uniform uninformative pri-
ors within a wide range for each parameter and ran 500
independent Markov chains. The burn-in phase was per-
formed with 25000 iterations using a thin factor of 50,
leading to a posterior distribution of 250000 indepen-
dent data points for each �tted parameter. The �nal
estimates and their 1-� uncertainties were taken as the
median and the 68 % of the credible interval of the pos-

Figure 5 . Upper panel: FIES (triangles), HARPS (circles),
and HARPS-N (squares) RV measurements and circular or-
bital solution of HD 3167 b (solid line) derived using the FCO
method. Di�erent colors represent measurements for di�er-
ent observing nights. Lower panel: Residuals to the circular
model.

terior distributions.
We obtained a best �tting non-zero eccentricity of

eb = 0.112 � 0.024. We also �tted the RV data assuming
a circular orbit (

p
eb sin ! ?;b =

p
eb cos! ?;b = 0). Fig-

ure 5 displays our FIES, HARPS, and HARPS-N mea-
surements along with the best �tting circular (thick line)
and eccentric model (dashed line). Di�erent symbols
refers to di�erent instrument, whereas di�erent colors
represent di�erent nights. We note that the best �tting
eccentric solution might be driven by the uneven distri-
bution of data points along the RV curve (Fig. 5). In
order to asses the signi�cance of our result we created
105 sets of synthetic RVs that sample the best �tting
circular solution at the epochs of our real observations.
We added Gaussian noise at the same level of our mea-
surements and �tted the simulated data allowing for
an eccentric solution. We found that there is a � 7 %
probability that the best �tting eccentric solution could
have arisen by chance if the orbit were actually circular.
As this is above the 5 % signi�cance level suggested by
Lucy & Sweeney (1971), we decided to conservatively
assume a circular model. We found a radial veloc-
ity semi-amplitude variation of K b = 3.82 � 0.42 m s� 1

which translates into a mass ofM b = 5.40 � 0.60M � for
HD 3167 b. We note that the eccentric solution provides
a planetary mass that is consistent within 1-� with the
result from the circular model.

5.3. Transit and RV joint analysis

We performed a joint modeling of the K2 and RV
measurements withpyaneti . The photometric data in-
cludes 6 and 15 hours ofK2 data-points centered around
each transit of HD 3167 b and c. We detrended the seg-


























