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The recent observations of gravitational-wave and electromagnetic emission produced by the merger of
the binary neutron-star system GW 170817 have opened the possibility of using standard sirens to constrain
the value of the Hubble constant. While the reported bound of Hy = 70f§2 at 68% C.L. is significantly
weaker than those recently derived by observations of Cepheid variables, it does not require any form of
cosmic distance ladder and can be considered as complementary and, in principle, more conservative. Here
we combine, for the first time, the new measurement with the Planck cosmic microwave background
(CMB) observations in a 12 parameter extended ACDM scenario, where the Hubble constant is weakly
constrained from CMB data alone and bound to a low value Hy = 551“;0 km/s/Mpc at 68% C.L. We point
out that the non-Gaussian shape of the GW170817 bound makes lower values of the Hubble constant in
worse agreement with observations than what is expected from a Gaussian form. The inclusion of the new
GW170817 Hubble constant measurement therefore significantly reduces the allowed parameter space,
improving the cosmological bounds on several parameters as the neutrino mass, curvature, and dark energy

equation of state.
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I. INTRODUCTION

The recent observations of gravitational-wave (GW) and
electromagnetic emission produced by the merger of the
binary neutron-star system GW 170817 [1] have opened the
possibility of using standard sirens (see, e.g., [2,3]) to
constrain the value of the Hubble constant. Indeed, in [4] a
constraint of H, = 7074 km/s/Mpc at 68% C.L. has been
reported. While the obtained constraints are significantly
weaker than those derived from observations of Cepheid
variables, they do not require any form of cosmic distance
ladder and can be considered, in principle, as more
conservative [4]. This point is particularly relevant since
the current constraints based on luminosity distances from
[5] report a value of Hy=73.24+1.74 km/s/Mpc at
68% C.L. that is in tension at more than 3 standard
deviations with the result derived from observations of
cosmic microwave background (CMB) anisotropies from
the Planck experiment [6] (see, e.g., [7]). Assuming a
standard cosmological scenario based on a cosmological
constant, the recent analysis of [8] gives indeed H, =
66.93 £ 0.62 km/s/Mpc at 68% C.L.

Clearly, the recent GW170817 measurement cannot
discriminate between these two values and at least more
than 25 additional observations of standard sirens are
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needed for reaching an uncertainty on H, useful to
scrutinize the tension (see, e.g., [2] and Fig. 2 in [3]).
However, while the H, constraint from [5] could be
affected by systematics, the H, determination from
Planck is completely model dependent and fully relies
on the assumption of ACDM. For example, just assuming a
dark energy equation of state w in its simplest form
(constant with redshift) and/or a nonflat universe introduces
a geometrical degeneracy that makes the Hubble constant
value from Planck practically unbounded.

It is therefore timely to investigate what the impact is of
the new GWI170817 H, measurement on the Planck
constraints in an extended parameter space in which the
Planck data alone are unable to strongly constrain the
Hubble constant.

While the accuracy of the GW170817 determination is
apparently relatively poor, we should also point out the fact
that the H posterior distribution presented in Fig. 1 of [4]
is strongly non-Gaussian, with a lower limit at 95% C.L. on
the Hubble constant of H, > 58 km/s/Mpc (instead of
Hy > 54 km/s/Mpc in case of Gaussianity). This non-
Gaussianity, due essentially to the unknown inclination
angle with respect to the line of sight of the binary orbit,
must be taken into account when performing a combined
analysis with CMB data.

Our paper is structured as follows: in the next section we
describe our analysis method, in Sec. III we illustrate our
results, and we conclude in Sec. IV.
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II. METHOD

As we mentioned in the introduction, CMB is essentially
unable to strongly constrain the Hubble constant once we
also consider parameters such as the curvature of the
Universe or the dark energy equation of state. All these
parameters can indeed affect the angular diameter distance
of the last scattering surface D,. Since the CMB is mostly
sensitive to D4, any combination of H,, dark energy
parameters, and/or Q, that gives the same value for D,
(and that preserves the sound horizon at recombination)
provides a nearly identical fit to the CMB data (see, e.g., [9]).

We therefore work in an extended 12 parameter space
considering the usual six parameters of the standard ACDM
model but including also an additional six parameters that
are degenerate or correlated with the Hubble constant when
considering the CMB anisotropy angular spectra.

Of course considering more parameters at the same time
results in weaker constraints; however, it also properly
takes statistically into account our observational ignorance
about their values. Since, for example, we have no
fundamental reason to believe that the Universe must be
flat and/or that the dark energy component can be fully
described by a cosmological constant, it is in our opinion
reasonable to consider these extensions.

For the six, ACDM, parameters we consider the baryon
and cold dark matter physical energy densities Q,h” and
Q,4mh?, the amplitude and the spectral index of primordial
inflationary perturbations Ay and ng, the Hubble constant
H,, and the reionization optical depth z. To these six
parameters we add the absolute neutrino mass scale, Xm,,
the running of the spectral index n's = dng/dInk, the neutrino
effective number N, and the energy density in curvature
Q.. Moreover we parametrize the dark energy component
using the Chevalier-Polarski-Linder parametrization,

w(a) =wo + (1 - aw,, (1)

where wy, is the value of the equation of state today while w,,
measures its time variation. In what follows we therefore let
vary also wy and w,, for a total of 12 cosmological parameters
varied at the same time, following the approach used in
[10-13].

On each parameter we assume flat priors as reported in
Table I. Please note that for the Hubble constant we choose
a range in between 20 < Hy < 100 km/s/Mpc i.e., we
assume values out of this broad interval as unphysical.

Our parameter constraints are obtained by first using the
temperature and polarization CMB angular power spectra
released by Planck 2015 [14]. This data set includes both
temperature and polarization anisotropies for the small
angular scale measured by the Planck High Frequency
Instrument experiment and for the large angular scale
measured by the Planck Low Frequency Instrument. In
the following we refer to it as Planck.

Given a model, an effective y? can be derived from the
data. In our case we include the GW prior such that

TABLE 1. External flat priors on the cosmological parameters
assumed in this paper.

Parameter Prior

Q. h? [0.005, 0.1]

Q. h? [0.001, 0.99]

T [0.01, 0.8]

ng [0.8, 1.2]

log[1010A,] [2, 4]

H, (km/s/Mpc) [20, 100]

Sm, V) [0, 51

Wy [-3,0.3]

w, [-2,2]

Nege [0.05, 10]

dng —

dink [=1.1]

Q [-0.3,0.3]

2 .2 2
ATot = XPlanck +)(GW’ (2)

where y3,.. . is provided by the Planck likelihood code and
Xew = —2InLgy with Lgy obtained by a spline interpo-
lation that can adequately reproduce the results in Fig. 1 of
[4] and from the samples released by the LIGO collabo-
ration at [15]. In the following we refer to this prior as
GW170817.

The constraints are derived using the most updated
version of the publicly available Monte Carlo Markov
chain package COSMOMC cosmomc [16], based on the
Gelman and Rubin convergence diagnostic and that fully
supports the Planck data release 2015 likelihood code [14].
We consider multiple chains (8) and we stop them when the
Gelman and Rubin “variance of chain means”/“mean of
chain variances” R statistic is R —1 < 0.01. The chains
have approximately ~2000 independent samples.

A full description of the cosmomc code can be found in
[16] and on the web page [17].

Unresolved foreground parameters are also varied fol-
lowing the procedure described in [14] (see the list in
Table X of this paper) and [6].

III. RESULTS

In Table II we report the parameter constraints at 68% C.L.
from the Planck and Planck + GW170817 analyses.

If we first focus our attention on the bounds on H, we
immediately see that in our 12 parameter theoretical
framework the Planck data seem to prefer quite low values
for the Hubble constant (Hy ~ 50 km/s/Mpc. This prefer-
ence is essentially due to a parameter volume effect and is
driven by degeneracies between Q;, wy, and w,, i.e., letting
Q. wy, and w, vary as free parameters identifies a large
region of models with low values of H, that is compatible
with the Planck data. In practice, a low H, model per se
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Planck Planck
100 4 Planck + GW170817 100 Planck + GW170817

TABLE 1II. Constraints at 68% C.L. on cosmological param-
eters from Planck 2015 before and after the inclusion of the

GW170817 prior on the Hubble constant. The parameters below 75

the double line are those mostly affected by the inclusion of the T
GW 170817 prior. The total neutrino mass upper limits _ m,, are 50 o
at 95% C.L.
25 o |
Parameter Planck Planck + GW170817 T T T T LA E—
00 05 10 15 20 —0.24-0.16-0.080.00
Qh? 0.02231 + 0.00028 0.02232 + 0.00028 ¥ m, [eV] Qx
Qeamh® 0.1197 £ 0.0035 0.1195 + 0.0034
g 0054ir88222 Oosgtgggg Planck A \ ] Planck
ng 0.968 + 0.012 0.967 £ 0.012 80 o Panck + ot ) '
log[10'°A,] 3.0391005 3.0507 504 _ 75
0, 1.04061 £ 0.00051 1.04069 £ 0.00050 I 60 -
Neg 3.11+0.25 3.09 £ 0.25
% 0.0038 + 0.0087 0.0024 + 0.0086 45 7
30 T T T T
22 my (V) <Ll <0.77 04 06 08 10 12 ~20-16-12-08 —0.4
wo Unconstrained —2.10J_r8,'§2 o8 wo
Wa -0.2197 <0.491
Q ~0.068+95% ~0.02510013 — —
H, [km/s/Mpc] 54179 702559 *7 R
o3 0.73870% 0.8937 0068 U
T 60
does not provide a significantly better fit to the Planck data 7 —0.24 1 I
but since we have now “more models” with low H, that give 30 — —
an equally good fit to CMB data the posterior distribution for —3.0 —24 —1‘/-5 —1.2 -06 —3-0—2-4—1‘/-5—1-2—0-6
H,, obtained after marginalization over the remaining 0 0
parameters, is globally shifted towards lower values. This  FG. 1. 68.3% and 95.4% confidence level constraints on a 12

results in a value on H, from Planck that is lower than that
obtained under the assumption of a cosmological constant
and flatness (Hy = 66.93 £ 0.62 km/s/Mpc [14]). This
introduces a small tension with the GW 170817 prior that
disfavors low H, models and makes its inclusion clearly
significant. When the GW 170817 prior is included, this
large portion of models with low H, values is excluded and
we get the constraint H = 70.2’_“3’3 at 68% C.L. The best fit
x* before and after the inclusion of GW170817 remains
essentially the same, clearly indicating that the tension on
H, is mainly a volume parameter effect and that this prior
can be safely combined with the Planck data.

From Table II we can identify five parameters that are
mostly degenerate with H(, and that are better constrained
when the GW 170817 prior is included. These parameters
are the curvature of the Universe Q;, the neutrino absolute
mass scale Xm,, the amplitude of r.m.s. matter density
fluctuations oy, and the two dark energy parameters w, and
w,. This is clear also from Fig. 1 where we show the two-
dimensional posteriors for the Planck and Planck +
GW170817 data sets in the Xm, vs Hy, Q; vs H, og Vs
H, and w, vs w, planes.

As we can see, despite the GW 170817 prior being rather
weak with respect to other recent H, determinations, it

parameter extended space for the Planck and Planck +
GW170817 data in the Xm, vs H, Q; vs Hy, o3 vs Hy,wy Vs
w,, Hg vs wy, and Q; vs w, planes.

significantly reduces the parameter space. While the con-
straints on the baryon and cold dark matter densities, on the
optical depth 7 and on inflationary parameters, are essen-
tially left unaltered by the inclusion of the GW170817
prior, we see that the constraints on the total neutrino mass
are significantly stronger. Planck + GW170817 gives
indeed an upper limit on the neutrino mass of Y m, <
0.77 eV at 95% C.L. that is about ~30% stronger then the
upper limit obtained from the Planck data alone. This is
clear on the top left panel of Fig. 1 where a degeneracy line
between the neutrino mass and H, is evident. Higher values
for the neutrino mass are allowed for smaller values of H,,
that are at odds with the GW170817 prior.

A similar, strong, improvement is present in the case of
curvature. As we can see from the top right panel of Fig. 1 a
quite significant number of models with large positive
curvature is compatible with the Planck data for low
(<60 km/s/Mpc H, values. This portion of parameter
space is excluded by the GW170817 prior and the con-
straints are improved by more than a factor 2. It is
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interesting to notice that both the Planck and the Planck +
GW170817 data sets prefer a closed universe slightly
below 95% C.L. We comment more about this point in
the conclusions.

Geometrical degeneracy propagates on all parameters
and affects also quantities like og that are not directly
related to it. As we can see from Table II and from the
middle left panel of Fig. 1, the constraints on og from
Planck are significantly improved when the GW170817 H,
prior is included, ruling out a large region of models with
low o5 and low H,,.

In the right panel of Fig. 1 (second row) we plot the two-
dimensional constraints on the wy-w, plane with and
without the GW170817 prior. As we can see, while the
constraints are weak in both cases, when the GW170817
prior is included a whole class of models with w, > 0 and
wo > —1 appears to be in disagreement with the data.
Essentially this is due to the fact that the Planck data alone
prefer a closed universe. As explained before, in this case
the constrained value of the Hubble constant is lower than
the one obtained when flatness is assumed, unless one
chooses wy < —1. The GW 170817 prior pushes the values
of Hj back to Hy > 58 km/s/Mpc, resulting in a preference
for wy < —1 and w, < 0. This can be clearly seen from the
bottom panels of Fig. 1 where we plot the two-dimensional
posteriors in the H vs wy and H, vs w, planes. One should
be however careful in concluding from the plot that a
cosmological constant is excluded at 95% C.L. from the
Planck + GW170817 data set (see the dashed lines in the
figure). Looking at the y> values, we found that a
cosmological constant is still consistent in between
95% C.L. with Planck + GW170817. However, clearly
the inclusion of the GW170817 prior provides an upper
limit on wy that was absent from the Planck data alone.

IV. CONCLUSIONS

In this brief article we have combined the recent standard
siren estimate of the Hubble constant of Hjy =
7014% km/s/Mpc at 68% C.L. of [4] with the Planck
CMB data set to quantify the improvement in the con-
straints in the case of an extended 12 parameter model, in
which the Hubble constant is weakly constrained from
CMB data alone.

We have found that including variations in Q;, wg, w,,
and in the total neutrino mass enlarges significantly the
CMB bounds on H(, making them less stringent than the
GW170817 constraint and, perhaps more importantly,
shifting them towards lower values of H, in slight tension
with the GW170817 bound. The inclusion of the

GW170817 prior therefore improves significantly the
Planck constraints on several parameters, most notably
on curvature, neutrino mass, og, and on the dark energy
equation of state.

While these constraints should be regarded as
conservative given the broad range of H( values allowed
by the GW170817 prior, some tension with the standard
ACDM model are present. In particular, a positive curved
universe appears preferred at 1.9 standard deviation. Also a
phantomlike dark energy equation of state is preferred from
the analysis.

The preference for positive curvature is already present
in the Planck data set alone (see discussion in [6]) and is
probably connected to small anomalies present in the
Planck data (see, e.g., discussion in [10,18-20]).

The indication for a phantomlike dark energy equation
of state is driven instead by the GW170817 prior. In our 12
parameter scenario, models with a lower value of the
Hubble constant (Hy < 55 km/s/Mpc and that provide a
good fit to the Planck data are in the w, > 0, wy > —1
sector. The inclusion of the GW170817 prior excludes
these models, giving rise to a preference for wy < —1
models.

Before concluding it is important to notice that there are
several external cosmological data sets such as baryon
acoustic oscillations (BAO) [21-23], cosmic shear data
[24-26], and supernovae type-la luminosity distance from
the JLA catalog [27], just to name a few, that can provide
much stronger constraints on the parameters considered
here than the Planck + GW170817 case. However some
tension between these data sets exists. We note, in
particular, that any indication for curvature disappears
when a Planck + BAO data set is considered while it is
still allowed when considering Planck + JLA (see Table IV
of [12]).

The cosmological bounds presented here should be
therefore considered as complementary and conservative.
Future observations of standard sirens in the next years will
certainly improve current estimates on H, and possibly
shed light on the several tensions present between cosmo-
logical data.
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