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１、SKAとパルサー 



パルサー	

Jocelyn Bell	

Antony Hewish	

・周期的なパルス 
・周期：1msec – 10sec 
・正確な周期	→	宇宙の時計 
・現在2,500個程度発見 
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SKAによるpulsar観測	
SKA1サーベイ 
・9,000 normal pulsars 
・1,400 millisecond pulsars 
SKA2サーベイ 
・30,000 normal pulsars 
・3,000 millisecond pulsars 
 
これだけたくさんあると・・・ 
・統計　　　　　　　・珍しいもの 
　‐光度関数　　　　　‐質量上限、下限 
　‐質量関数　　　　　‐sub-msecパルサー 
　‐空間分布　　　　　‐惑星系 
　‐周期分布　　　　　‐珍しい連星 



・質量関数 
・ 軽量 
・ 重量　→　状態方程式 

パルサー質量	

The neutron star EOS Anna Watts

Figure 4: Current NS mass measurements, 68% confidence intervals (http://jantoniadis.wordpress.com/
research/ns-masses/ for original references). Blue -LMXBs; Red - Eclipsing MSPs; Green - DNS; Magenta
- NS-WD binaries; Black - MSP-Main Sequence binaries; Cyan - Triple Pulsar. Though some sources may
have higher masses than PSRs J1614-2230 and J0348+0432, there are large systematic uncertainties on these
measurements or other reasons why they are not as direct or reliable a measurement.

current spin record holder resides in the globular cluster Terzan 5 (Hessels et al. 2006). A signifi-
cant fraction of the MSPs found in targeted searches will be in eclipsing binaries (‘black widows’
and ‘redbacks’ (Roberts 2011)), which, although more difficult to detect and time precisely, may
harbour the most massive NS created by nature (van Kerkwijk et al. 2011; Romani et al. 2012) be-
cause they have accreted significant mass from their companion and/or were formed more massive.

3. State of the art (observations and theory)

3.1 State of the art: masses

A measurement of a NS mass, even without a simultaneous measurement of R, constrains the
EOS if it exceeds the maximum mass predicted by a given model (Figure 3). Figure 4 shows current
NS mass measurements. The two most constraining systems are PSRs J1614�2230 (Demorest
et al. 2010) and J0348+0432 (Antoniadis et al. 2013), with masses of 1.97 ± 0.04 and 2.01 ±
0.03 M� respectively. PSR J1614�2230 is a 3.1 ms MSP orbiting an intermediate-mass WD every
8.7 days. The system has a very high inclination (89.17�) resulting in a strong Shapiro delay signal.
PSR J0348+0432 is a 39 ms pulsar in a relativistic, 2.46 h orbit with a low-mass WD. For this binary
the PK parameters cannot be measured and the masses have been measured through phase-resolved
optical spectroscopy of the bright WD companion.

Current knowledge of hadronic physics suggests it is nearly impossible for matter to be purely
nucleonic at the expected massive NS core densities of (7-10) rsat. No matter what the precise
composition, all alternative possibilities add additional degrees of freedom. The immediate effect is
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中性子星 
形成の物理 

Figure 1: Mass-radius relations for different neutron-star equations of state shown by Özel &
Freire (2016); gray lines indicate EOS compositions that are excluded due to inconsistency with
the J1614�2230 mass measurement. Horizontal lines indicate large-mass measurements made
with high-precision pulsar timing.

Many of the 41 precisely-measured masses of neutron stars known to date1 have come from
measurements of Shapiro delay alone (see Table 2 of Özel & Freire, 2016). Additional relativistic
effects, such as periastron advance in eccentric binary systems, can be used to further improve the
mass estimates (see e.g. Freire et al., 2011). Models of the galactic millisecond-pulsar population
predict the number of sub-µs-precision sources increasing by a factor of ⇠5 over the next decade
with next-generation radio telescopes (see the white paper by Lorimer et al.); the resulting mass
measurements will number in the hundreds. This development is paramount since new individual
measurements, especially if extreme, still carry significant weight on a variety of compact-object
studies.

2.1 EOS Constraints from Pulsar Masses
Large pulsar masses test the viability of neutron-star equations of state, as each EOS differs in its
prediction of maximum neutron-star masses. Figure 1 displays a collection of EOSs as tabulated by
Özel & Freire (2016), as well as four of the most massive pulsars currently known: J0348+0432
(Antoniadis et al., 2013); J0740+6620 (Cromartie et al., in prep); J1614�2230 (Fonseca et al.,
2016); and J1946+3417 (Barr et al., 2017). The measurement of these pulsar masses, all around 2
M�, eliminates nearly all equation-of-state models with strange quark and exotic hadron content.
Any increases in the maximum known neutron star mass – even small increases – will more strin-
gently constrain equations of state. Such increase may arise from future observations of the most

1https://www3.mpifr-bonn.mpg.de/staff/pfreire/NS masses.html
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球状星団パルサー	

・ミリ秒パルサーが多い 
　‐normal: 2200 ⇔	144 
　‐millisec: 250	⇔	130 
 
・高い星密度（～1000pc-3） 
　星同士の相互作用が頻繁 
　	‐バイナリーが多い 
　	‐バイナリー組み替え 
　	‐変なシステムができる→ 
　	‐何回もrecyclilngが 
　	　起こる	→	サブミリ秒？ 
 
・中心にIMBH? 



・パルサー国勢調査	
・基礎物理の探求	
　‐強重力での相対論検証	
　‐重力波直接検出	
　‐核物質の状態方程式	
・パルサー磁気圏	
・パルサー風	
・中性子星の誕生、進化	
・銀河系の構造（ガス・磁場）	
・銀河間ガス	

SKA highlights 

SKA pulsar science	



SKA-Japanパルサーチーム 
メンバー 
　青木貴弘（早稲田）、今井裕（鹿児島）、大野寛（東北文教）	
　加藤亮（神戸）、亀谷收（NAOJ）、喜久永智之助（熊本） 
　隈本宗輝（熊本）、黒柳幸子（名古屋）、柴田晋平（山形） 
　関戸衛（NICT）、高橋慶太郎（熊本）、岳藤一宏（NICT） 
　寺澤敏夫（NAOJ）、成子篤（東北）、久野晋之介（熊本）、 
　本間希樹（NAOJ）、米丸直之（熊本）、柳哲文（名古屋） 

パルサー理論・観測	
相対論、宇宙論	
の混成チーム！	
メンバー募集中！	



・パルサー国勢調査	
・基礎物理の探求	
　‐強重力での相対論検証	
　‐重力波直接検出	
　‐核物質の状態方程式	
・パルサー磁気圏	
・パルサー風	
・中性子星の誕生、進化	
・銀河系の構造（ガス・磁場）	
・銀河間ガス	

SKA highlights 

SKA pulsar science	



・パルサー国勢調査	
・基礎物理の探求	
　‐強重力での相対論検証	
　‐重力波直接検出	
　‐核物質の状態方程式	
・パルサー磁気圏	
・パルサー風	
・中性子星の誕生、進化	
・銀河系の構造（ガス・磁場）	
・銀河間ガス	

SKA highlights 

SKA pulsar science	



日本のサイエンス	

・パルサー候補の選定（隈本、米丸、高橋） 
・修正重力理論の探索（柳、成子） 
・背景重力波の異方性検出（黒柳、隈本、米丸、高橋） 
・超低周波重力波の検出方法（米丸、隈本、久野、黒柳、高橋） 
・宇宙ひもからの重力波への制限（米丸、黒柳、高橋） 
　→　米丸さんトーク 
・パルサータイミングアレイによるアクシオン探索（加藤） 
　→　加藤さんトーク 
・パルサーグリッチの観測（寺澤、久野） 
　→　久野さんポスター 
・Giant Radio Pulse（寺澤） 
　→　寺澤さんトーク 
・パルサー構造関数による星間ガス乱流の探索（隈本・高橋） 
　→　隈本さんトーク 
・パルサーペアによる銀河系磁場の探索（柴田、大野）	



２、Pulsar Timing Array 

米丸 隈本 久野 黒柳 



多波長重力波天文学 
CMB                    PTA                       space                    ground 

10-17Hz                 ～1nHz             1mHz-0.1Hz                100Hz 

primordial GW 

SMBH binary 

compact binary 

supernova 

cosmic string 



Nano-Hz GW 

パルサータイミングで探れるもの

超大質量ブラックホール連星

宇宙ひも

パルサータイミングで探れるもの

超大質量ブラックホール連星

宇宙ひも

SMBH binary                        cosmic strings 

SMBH growth 
SMBH environment 
galaxy evolution 

high-energy physics 
Grand Unified Theory 



Nano-Hz GW 

パルサータイミングで探れるもの

超大質量ブラックホール連星

宇宙ひも

パルサータイミングで探れるもの

超大質量ブラックホール連星

宇宙ひも

SMBH binary                        cosmic strings 

SMBH growth 
SMBH environment 
galaxy evolution 

high-energy physics 
Grand Unified Theory 



銀河衝突とブラックホール合体	

銀河衝突 超大質量BH 
バイナリー形成 

超大質量BH合体 

重力波	



SMBH binary 
orbit 
 
pc 
 
 
 
 
sub-pc 
 
 
 
 
mpc 

dynamical 
friction 

GW 
emission 

f_GW 
sub-nHz 
 
 
nHz 
 
10 nHz 
 
100 nHz 

   final pc problem	

energy extraction 



GW from SMBH binaries 
GW background single source 

P(f): power spectrum 
direction, waveform 
amplitude, frequency 



principle of PTA 
ミリ秒パルサー 地球一定周期の電波パルス

時間

電波強度

パルサータイミング法

slide from S. Kuroyanagi 

time 

radio flux 

pulsar Earth 



ミリ秒パルサー 地球

時間

電波強度

パルサータイミング法

重力波

→ 観測できる周波数 ∝ (観測時間)-1 ~ 10-8 ~ -9Hz

パルサーまでの距離 > 100光年

一定周期の電波パルス

time 

slide from S. Kuroyanagi 

principle of PTA 

radio flux 

pulsar Earth 

gravitational wave 

deviation from expectation 
without GWs 



timing residual 

single binary source 背景重力波 

Hobbs (2011) 

予測されるパルス到着時刻からのズレ	
観測期間・頻度で重力波周波数帯域が決まる	



現在のPTAs 
・PPTA（豪） 
・EPTA（欧） 
・NANOGrav（北米） 
・IPTA：コンソーシアム 



最近の動き	

pulsar timing array 
・３つのグループがそれぞれの方向性でより制限を強める 
・IPTAが緩やかながら着実に進む 
・インド、中国、南アフリカなどの登場 
・様々なsystematicsの詳細な検討 
 
理論研究 
・背景重力波スペクトルの詳細な見積もり 
・PTAデータのより先進的な解析手法の開拓 
 
ngVLA 
・パルサーそのものの観測はほとんどしない 
・SMBH周辺のガスを観測してバイナリー進化を探る 



現在のPTAs 
・PPTA（豪） 
・EPTA（欧） 
・NANOGrav（北米） 
・IPTA：コンソーシアム 

米丸 隈本 

久野 

喜久永 



PPTA 
Shannon+ 2015, “missing GW”? 

「標準モデル」は棄却された。 
しかしNANOGrav 2016 & Middleton+ 2018はその解釈に疑義 

 

 
Fig. 1. Residual pulse times of arrival, Δt, for the four pulsars used in our analysis. These 
are PSR J1909-3744 (panel A), PSR J0437-4715 (panel B), PSR J1713+0747 (panel C), and PSR 
J1744-1134 (panel D). 
  

   
  

 

Fig. 2. Predictions and limits on the GWB strain spectrum.  The black asterisks (labeled P15) 
shows the 95% confidence limit we obtain, assuming hc(f)=Ac,yr[f/(1 yr-1)]-2/3.  The other symbols 
show previously published limits from the European Pulsar Timing Array (triangle, labeled E15, 
Ref. 20), the North American Nanohertz Observatory for Gravitational Waves (circle, labeled 
N13, Ref. 29) collaborations, and our previous limit (square, labeled P13, Ref. 8).  Each panel 
shows a different prediction for the GWB as a shaded region that represents the 1-σ uncertainty, 
including four models for SMBH evolution, labeled S13 (9), M14 (10), K15 (12),  and R15 (11), 
which predict a power-law form for hc(f).  Models Exp (See supplementary section S2.2, Ref. 13) 
and R14 (22) include the effects of environmentally driven binary evolution and therefore predict 
more complex strain spectra.   The black curves show the nominal single-frequency sensitivities 
of our observations (see supplementary section S2.2, 13), and is above our limit because of the 
statistical penalties applied when searching individual frequencies.   In Panel D, the blue 
pentagon (labeled A95,SKA) shows the projected upper limit on Ac,yr obtained with a single-pulsar 
timing campaign with a next generation radio telescope (the SKA; see supplementary section 
S2.2, Ref. 13), and excludes all models considered with greater than 98% probability.  

  



NANOGrav 
Arzoumanian+ 2018 
11yr dataset of 45MSPs 
背景重力波への上限 

6 Z. Arzoumanian et al.

2008 2010 2012 2014 2016

Figure 1. Epochs of all observations in the data set. Marker type indicates data-acquisition system: open circles are ASP or
GASP; closed circles are PUPPI or GUPPI. Colors indicate radio-frequency band, at either telescope: red is 327 MHz; orange
is 430 MHz; green is 820 MHz; blue is 1.4 GHz; and purple is 2.1 GHz.

graph on the left of Figure 4 are diagnostics of the multilevel
decision scheme outlined above in Section 3.1. Adopting the
JPL ephemerides as fixed-parameter models, the data favor the
presence of a common uncorrelated process in all pulsars to
various degrees and especially so for DE430, and they favor

slightly the presence of H.–D. interpulsar correlations. How-
ever, this preference disappears if we marginalize over the
ephemeris uncertainties.
The effects of ephemeris errors are also apparent in the upper

plot of Figure 5, which shows the posterior distribution of
log10AGWB under the log-uniform prior used to compute Bayes
factors, for γ=13/3, and ignoring H.–D. correlations. The
dashed lines show the posterior obtained by taking each
ephemeris as fixed-parameter models without uncertainties; the

Table 4
GWB Amplitude 95% Upper Limits for the NANOGrav 11year Data Set, Computed for a Power-law Spectrum with γ=13/3, and with Uniform Prior on AGWB (see

Equations (4) and (5))

95% Upper Limit on AGWB [×10−15], γ=13/3 Power Law

JPL Ephemeris Uncorrelated Common Process (2A) H.–D. Correlated Common Process

Alone (3A) + Dipole (3B) + Monopole, Dipole (3C) + Monopole (3D)

DE421 1.505(8) 1. 53(1) 1.478(8) 1.487(8) 1.53(3)
DE430 1.76(2) 1. 79(1) 1.698(9) 1.676(9) 1.74(2)
DE435 ( )1.57 3 1. 60(1) 1.555(8) ( )1.55 1 1.58(2)
DE436 ( )1.61 2 1. 67(1) 1.594(9) ( )1.56 1 1.60(2)
INPOP13c ( )1.74 3 L L L L

BAYESEPHEM ( )1.34 1 ( )1.45 2 ( )1.52 3 ( )1.49 3 1.48(4)

Note. We report limits for an uncorrelated common process (as in NG9b) and for a Hellings–Downs spatially correlated process, either alone (in bold, our fiducial
result) or in the presence of additional correlated processes with different ORF. “L” indicates that analyses for these numbers were not performed.

Figure 1. Sky positions of all 45 pulsars in the NANOGrav 11year data set.
The area of each circle is indicative of the number of TOAs, while the color
scale indicates the observational baseline. The 34 pulsars whose baselines are
longer than three years are indicated with solid red edges. The Milky Way
plane is shown behind as a blue band (thickness is not indicative of Galactic
scale height), with the Galactic center shown as a blue star. The longest
baseline is given by J1744–1134 with 11.37 years, while the largest data set is
given by J1713+0747 with 27,571 TOAs.

Figure 2. GWB amplitude 95% upper limit for an uncorrelated common
process (model 2A) as a function of spectral index γ (see Equation (5)) for the
JPL ephemerides and for BAYESEPHEM. The dotted curve shows a power-law
fit to the BAYESEPHEM curve, which is consistent with a similar fit in NG9b.

Figure 3. Top panel:GWB amplitude 95% upper limits for an uncorrelated
common process with a γ=13/3 power law (straight black line) or with
independently determined free-spectrum components (jagged black line). The
thickness of the lines spans the spread of results over different ephemerides.
The dashed–dotted line shows the expected sensitivity scaling behavior for
white noise. The colored dashed lines and bands show the median and one-
sigma ranges for the GWB amplitudes predicted in MOP14 (green), Simon &
Burke-Spolaor (2016; orange), and S16 (blue). Bottom panel:as in the top
panel, except showing the results in terms of the stochastic GWB energy
density (per logarithmic frequency bin) in the universe as a fraction of closure
density, ΩGWB( f )h2. The relationship between hc( f ) and ΩGWB( f )h2 is given
in Equation (10).
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NANOGrav 
Aggarwal+ 2018 
11yr data set、single sourceへの制限 
各方向のSMBHBの距離への下限 



PTAの今後	

・いつ検出できるのか？ 
　予測：Taylor+ 2016 
　systematicsは？ 
　早いのがいい？遅いのがいい？ 
・波源位置決定精度 
　非常に悪い（O(1000)deg2） 
　ここ数年ほとんど進展なし 
　pulsar VLBI観測で1pc程度の精度で 
　距離を決定できれば 

The Astrophysics of Nanohertz Gravitational Waves 49

Figure 17: Representative localization and parameter measurements for a continuous-
wave detection. These images show the marginalized 2-D posterior probability density
functions in the sky coordinates (✓,�) and the log of the chirp mass and distance for
injected signal-to-noise ratios of 7, 14, and 20 shown from top to bottom. The ⇥
symbol indicates the injected parameters and the solid, dashed and dot-dashed lines
represent the 1, 2, and 3 sigma credible regions, respectively. Figure from Ellis (2013).

There are two main goals of multi-messenger astronomy in the nanohertz regime:
(1) We aim to simply identify the likely galactic host of the GW signal, and determine
its distance. This information will allow us to determine the GW source’s chirp
mass, by breaking the chirp-mass/luminosity-distance degeneracy, mentioned above.
(2) We aim to perform true “multi-messenger” monitoring of a target, by detecting
electromagnetic signals from the vicinity of a SMBH binary, during the inspiral or
coalescence. This will be possible, if the SMBHs are illuminated as AGN, or if
the binary leaves a distinct observable signature on the stellar or gas dynamics, the
photometry, or the morphology of their host. We summarize the methods (and e↵orts)
to electromagnetically identify SMBHBs in section 9.2.

SMBHBs are formed in galaxy mergers, which for much of their duration are
ostentatious events; they exhibit large-scale asymmetries, tidal tails, sudden bursts of
star-formation (e.g., ULIRG stage), and potentially an abundance of tidal disruption
events (Burke-Spolaor 2013). However, since, as discussed extensively in Section 3,
the e�ciency of SMBHB formation and inspiral is highly uncertain, it is also unclear
whether these easily-observable features would be present by the time a binary SMBH
enters the GW-dominated phase. If the final-parsec problem is resolved e�ciently, it
is possible that these large-scale indicators of a galaxy merger persist, until the binary
reaches the inspiral phase. Therefore, we can easily survey for this type of signature
in the GW error region, and potentially narrow down the list of candidate hosts.

However, if the archival data prove inadequate, new dedicated observing
campaigns will also be required to systematically catalog and identify outstanding
features of galaxies in the error region of PTAs.

Before we move on to discuss direct SMBHB detection and multi-messenger
science, it is worth noting an important practical point about electromagnetic
SMBHB emission. The evolution of SMBHBs within the PTA band is slow, and
the inpsiral phase may last for long periods of time (of order years to millennia).
Additionally, SMBHBs at these stages may have long-enduring electromagnetic

Ellis 2013 
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Figure 3. Summary of results for the growth of GWB detection
probability (DP) with further observation time in each array. Blue
and red lines are for zero and 90% binary stalling, respectively.
Dashed lines correspond to the case where the true background
spectrum has a turnover at f = 1/(11yrs) due to binary stellar hard-
ening.

does not improve over time (as occurs in reality when
receivers and backends are upgraded), nor do we con-
sider interstellar medium e↵ects such as dispersion (see,
e.g., Stinebring 2013). The influence of a GWB spec-
tral turnover depends on its frequency, which is a func-
tion of the typical environmental properties of galactic
nuclei (either directly or in how these properties drive
SMBHB orbital eccentricity)—our choice corresponds to
reasonable assumptions about the stellar mass density
of SMBHB environments. The timelines for the growth
of detection in each PTA are approximate, intended to
emphasize the di↵erences between PTAs suited to upper-
limits versus detection, and to demonstrate the influence
of various binary stalling and environmental scenarios on
detection probabilities.
We conclude by emphasizing the di↵erent demands of

placing stringent upper limits on the stochastic back-
ground versus actually detecting it. To wit:

• Highly constraining, astrophysically significant up-
per limits are achievable with only a few exquisitely
timed pulsars, but such a PTA is suboptimal for the
detection of a stochastic GW background.

• Timing many pulsars allows for the quadrupolar
spatial correlation signature of the SMBHB back-
ground to be sampled at many di↵erent angular

separations, enhancing prospects for detection.
• Adding more pulsars regularly to PTAs will contin-
ually improve detection probability, in addition to
the gains already made by timing existing pulsars
for longer, and will help to mitigate the deleteri-
ous influences of binary stalling and environmental
couplings.
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PTAの低周波側への拡張 
    Yonemaru+ 2016, Yonemaru+ 2018 
    Hisano+ 2019, Kumamoto+ 2019 
M87にもう１つのSMBH？ 
重力波放射？ 
→　あったとしてもO(100-1000)年周期 4 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0
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inclination), fixing the mass of the smaller BH. The results
are shown as a function of the semi-major axis in Fig. 5 for
m2 = 0.1m1,0.01m1 and 0.001m1. Aside from m2 and semi-
major axis, the time derivative of GW amplitude has a strong
dependence on the eccentricity and increases significantly for
e >∼ 0.8.

5 Detectability of Gravitational Waves

In this section, let us discuss the detectability of the GWs
from a possible SMBH binary at the center of M87. Nano-
hertz GWs from SMBH binaries are targets of so-called pul-
sar timing arrays (Sesana et al. 2008; Hobbs 2010; Lee et al.
2011; Mingarelli et al. 2013; Sesana 2013; Shannon et al.
2013; Taylor & Gair 2013; Burke-Spolaor 2015; Janssen et al.
2015). Because the arrival times of pulses are modulated by
GWs, the time variation of timing residuals, the difference be-
tween the actual arrival time and the expectation in the absence
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smaller BH. The results are shown as a function of the semi-major axis for
m2 = 0.1m1,0.01m1 and 0.001m1.

of GWs, follows the wave form of the GWs crossing the earth.
Thus, precise measurements of timing residuals can detect GWs
with a long period comparable to the time span of observation,
typically O(10) years.

In the current case with the linearly-changing GWs, the sit-
uation is totally different as we see below. The timing residual
as a function of time, rGW(t), induced by the GWs is generally
described as,

rGW(t) =
1
2

p̂ip̂j

1+ Ω̂ · p̂

! t

∆hij(t
′, Ω̂)dt′. (16)

where Ω̂ is the direction of the GW propagation, p̂ is the unit
vector of the direction of the pulsar, and ∆hij(t,Ω) is the dif-
ference between the metric perturbation at the earth and pulsar
generated by GWs:

∆hij = h+,×(t, Ω̂)−h+,×(tp, Ω̂), (17)

where tp= t−L/c and L is the distance to the pulsar. Below, we
consider only the first term, so called Earth term, and neglect the
second term, pulsar term, following previous works. Assuming
that the GWs are linearly changing, that is, ḣ+,× are constant
for an observation period, we have,

∆hij =
"
ḣ+e

+
ij + ḣ×e

×
ij

#
t, (18)

where e+,×
ij are the polarization tensors. Then, Eq. (16) is writ-

ten as,

rGW(t) =
1
2

$

A=+,×

FA(Ω̂)ḣAt
2, (19)

where FA(Ω̂) is the antenna beam pattern and given by

FA(Ω̂) =

%
1
2

p̂ip̂j

1+ Ω̂ · p̂
eAij(Ω̂)

&
. (20)

Thus, linearly changing GWs cause timing residuals quadratic
in time. However, this is exactly the same behavior as the one
due to the spin down of the pulsar,
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sub-nHz GWの検出（Yonemaru+ 2016） 
・直線的なタイミングのズレはパルサーspin down rateに 
　吸収されPTAでは検出できない 
　→　spin down rateにバイアス 
・バイアスは天球面上で四重極のパターン 
　→　波源の位置、偏光でパターンが決まる 
　→　２つの領域のspin down rate分布を比べる 
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Figure 7. Upper bounds on €
h from the number of MSPs with €pobs/p as a

function of GW polarization angle for the Galactic Center (red) and M87
(green).

€
h < 8.1⇥10�18 sec�1 for M87. The implication of the upper bounds
will be discussed in Section. 4.

3.4 GW limits from the number of MSPs with negative
spin-down rates

As we mentioned in the previous subsection, when MSPs with very
small intrinsic spin-down rates are biased negatively, they can have
negative values of observed spin-down rate. The number of such
MSPs will increase for stronger GWs. Therefore, the number of
MSPs with negative observed spin-down rates could be used for
another measure to probe ultra-low-frequency GWs. In the current
data set, there is only one MSP with a negative €pobs/p except ones
in globular clusters. Here, we set upper bounds on €

h using the
threshold where the probability of having two or more MSPs have
negative €pobs/p is 98%.

Fig. 7 shows upper bounds on €
h as a function of GW polar-

ization angle for the Galactic Center and M87. The upper bounds
are of order 10�17 � 10�17.4 sec�1 and comparable to those from
skewness di�erence obtained in the previous subsection. GWs from
the Galactic Center are slightly well constrained than those from
M87 and the dependence on the polarization angle is very weak.

4 DISCUSSION

In the previous section, we have obtained upper bounds on the time
derivative of GW amplitudes, rather than the amplitudes themselves.
Using an approximation €

h ⇠ 2⇡ fGWh where fGW is the frequency
of GW, which is reasonable for most of the periods, our constraints
for the Galactic Center and M87 can be approximated as,

hGC . 3 ⇥ 10�8
✓
1/1000 year

fGW

◆
, (22)

hM87 . 4 ⇥ 10�8
✓
1/1000 year

fGW

◆
, (23)

respectively. On the other hand, the recent PTA analyses put upper
bounds of h

GW

⇠ 7.3 ⇥ 10�15 at the frequency of 8 nHz and the
bound scales as f

�2
GW (Aggarwal et al 2018; Babak et al. 2015). Thus,

our constraints are comparable to those of standard PTAs at fGW ⇠
1/30000 years ⇠ 10�12 Hz and are better at even lower frequencies.
Although our constraints are weaker for fGW & 10�12 Hz, they are

still valuable as independent constraints. It should be noted that at
frequencies lower than 10�13 Hz, the pulsar term cannot be treated
as random noise and pulsar distances are necessary to account for it
(Yonemaru et al. 2018; Hisano et al. 2019). Currently, the distance is
not available for most pulsars and we do not consider this frequency
range here. Thus, the constraints Eqs. (22) and (23) are applicable
for fGW & 10�13 Hz.

Let us consider possible SMBH binaries at these cites. A
SMBH with mass of 4.0⇥106

M� is known to reside in the Galactic
Center and the possibility of the existence of another SMBH has
been discussed (e.g. Oka et al. (2016)). If there exists a SMBH
orbiting around the known SMBH, it could be a source of GWs.
Assuming the period of the binary motion to be 100 years, the upper
bound of Eq.(22) translates into a upper bound on the companion
mass of 2 ⇥ 1016

M� .
Concerning the M87, the mass of a SMBH is estimated to be

6.6⇥109
M� . A possibility of secondary SMBH has been indicated

also for M87 and GWs from such a potential pc-scale SMBH binary
has been discussed (Betcheldor et al. 2010; Yonemaru et al. 2016),
while constraints on the amplitude of GWs emitted by a milli-pc
scale SMBH binary in the PTA frequency bands has been already
studied (Schutz & Ma 2016). Assuming the orbital period to be
100 years, the upper bound of Eq.(23) results in a upper bound on
the companion mass of 4 ⇥ 1016

M� .
In the above considerations, binaries are assumed to have cir-

cular orbits and inclination is zero degree (face-on). In our previous
works (Yonemaru et al. 2018; Hisano et al. 2019), we estimated
future constraints on ultra-low-frequency GWs with 3,000 MSPs,
which are expected to be found by the SKA2. There, we found that
GWs with €

h as small as ⇠ 3 ⇥ 10�19 sec�1 can be detected and
the second SMBH mass as small as 3 ⇥ 1014

M� could be probed
in the case of circular orbits and zero inclination. In fact, the GW
amplitude is sensitive to the eccentricity and the phase of the binary
motion.

Our simulation is based on the assumption that the distribution
of spin-down rate in the sky is isotropic in the absense of GWs.
However, considering the evolution of MSPs, it may not be the
case. Neutron stars are mostly produced in Galactic plane and often
have large peculiar velocities due to the kick at supernovae (Hansen
& Phinney 1997). Since MSPs with small values of €p/p have long
characteristic age (p/ €p), they may tend to be located far from the
birth place outside the Galactic plane. Thus, there is a possibility
that MSPs with large (small) €p/p are populated outside (inside) of
the Galactic plane, which induces the anisotropy of €p/p distribution
in the sky and results in systematics in our method.

In the top panel of Fig. 8, the position of 149 MSPs in the
galactic coordinates is shown with the indication of spin-down
rates. In the bottom panel, we show the histogram of spin-down
rates of MSPs within Galactic plane (|b| < 10 deg) and outside
(|b| > 10 deg), separately. The mean and standard deviation of the
histograms are -17.4 and 0.5 for |b| < 10 deg, and -17.5 and 0.4 for
|b| > 10 deg, respectively. Thus, significant di�erence is not found
between the two histograms and the systematics is considered to be
negligible. Here it should be noted that MSPs with |b| > 10 deg
may reside within the Galactic disk but it cannot be known without
information on the distance.

Finally, we note that the observed spin-down rates could be
biased by other factors than GWs such as the Shklovskii e�ect
(Shklovskii 1970), the Galactic di�erential rotation (Damour & Tay-
lor 1991; Rong & Tan 1999) and acceleration toward the Galactic
disk (Nice & Taylor 1995). Although the biases from the Galactic
di�erential rotation and acceleration toward the disk would have
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Kumamoto+ 2019 
・現在の149個のミリ秒パルサーでsub nHz GWに制限 
・第２のSMBHの質量への制限 
　GC　<　2 × 1016 Msun 
　M87　<　4 × 1016 Msun 
・今のところ天体物理的にあまり意味がないがSKA時代には 
　3,000個のミリ秒パルサーで数桁良くなる見込み（Hisano+ 2019） 



３、パルサー候補の選定 

米丸 隈本 



パルサーサーチ	

パルサーをたくさん見つけたい 
・統計 
・性質の良いミリ秒パルサー 
 
タイミング観測 
・あるDM、周期の値を仮定して 
　データを時間・周波数方向に足す 
・パルスが立つかどうか、 
　あらゆる値を試す 
ブラインドサーチ 
・タイミング観測をとにかく 
　いろんな方向でやる 
→　効率的に候補を絞りたい 
→　候補をタイミング観測 



パルサー候補選定	

連続波サーベイの電波天体からパルサー候補を絞る 
・天体の位置 
・明るさ 
・偏光度 
・コンパクトネス 
 
現状のカタログから候補カタログを作る 
・天体の位置 
・TGSS、NVSS flux 
・spectral index 
・コンパクトネス 
・偏光は数と質が限られるため今回は使わず 

Kumamoto, Hobbs, Shi, KT+, in prep 



連続波サーベイデータ	
赤：パルサー 
黒：QSO 

銀河面に分布、スペクトルがsteep 

ANNs for pulsar candidate selection from the radio continuum surveys 3
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Figure 1. Distribution of pulsars and non-pulsars in the galactic
coordinate. The red crosses and black dots represent the position
of pulsars and non-pulsars, respectively. Objects observed by only
the TGSS are given the upper limit of 2.5mJy as the NVSS flux.

catalog is further cross-matched with the Million Quasar
(MILLIQUAS) catalog (Flesch 2015) which consists of var-
ious types of radio point sources such as AGN, quasars and
BL Lac objects, and Seyfert galaxies (radio galaxies) which
are mainly observed by the SDSS (Abolfathi et al. 2018).
As a result, 13,166 sources are cross-matched and then iden-
tified as non-pulsars.

Fig. 1 shows the celestial distribution of the identified
pulsars and non-pulsars in the galactic coordinate. The dis-
tribution of pulsars and non-pulsars are highly biased reflect-
ing the survey region of the TGSS, NVSS and MILLIQUAS.
Despite the bias of the survey region, we use these data sets
as they are since unbiased data are currently unavailable.
Fig. 2 shows the scatter plot of the TGSS and NVSS fluxes.
We can see that pulsars have smaller NVSS flux than TGSS
flux compared with non-pulsars and many of pulsars are not
observed by the NVSS. This means that pulsars have steeper
spectra, which can be confirmed in Fig. 3 which represents
the histogram of spectral index. In these figures, pulsars and
non-pulsars are clearly separated and these quantities will be
useful to select pulsar candidates (Maan et al. 2018). Fig.
4 shows the histogram of compactness. Although the distri-
bution looks very similar for pulsars and non-pulsars, they
can give some useful information when combined with other
quantities.

3 ARTIFICIAL NEURAL NETWORKS

ANN is one of machine learning methods, which is a math-
ematical model inspired by human brain and has recently
been attracting much attention. The purpose of ANN is to
construct a suitable network, or optimize the network pa-
rameters with training data set (xi, tk ) where xi and tk are the
input and correct output, respectively. In our case, xi repre-
sents observed quantities which characterize a radio source
such as flux, spectral index, sky position and compactness,
while tk is unity/zero for a pulsar/non-pulsar, respectively.
In this work, we employ the simplest case of the multilayer
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ious types of radio point sources such as AGN, quasars and
BL Lac objects, and Seyfert galaxies (radio galaxies) which
are mainly observed by the SDSS (Abolfathi et al. 2018).
As a result, 13,166 sources are cross-matched and then iden-
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Fig. 1 shows the celestial distribution of the identified
pulsars and non-pulsars in the galactic coordinate. The dis-
tribution of pulsars and non-pulsars are highly biased reflect-
ing the survey region of the TGSS, NVSS and MILLIQUAS.
Despite the bias of the survey region, we use these data sets
as they are since unbiased data are currently unavailable.
Fig. 2 shows the scatter plot of the TGSS and NVSS fluxes.
We can see that pulsars have smaller NVSS flux than TGSS
flux compared with non-pulsars and many of pulsars are not
observed by the NVSS. This means that pulsars have steeper
spectra, which can be confirmed in Fig. 3 which represents
the histogram of spectral index. In these figures, pulsars and
non-pulsars are clearly separated and these quantities will be
useful to select pulsar candidates (Maan et al. 2018). Fig.
4 shows the histogram of compactness. Although the distri-
bution looks very similar for pulsars and non-pulsars, they
can give some useful information when combined with other
quantities.
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ANN is one of machine learning methods, which is a math-
ematical model inspired by human brain and has recently
been attracting much attention. The purpose of ANN is to
construct a suitable network, or optimize the network pa-
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construct a suitable network, or optimize the network pa-
rameters with training data set (xi, tk ) where xi and tk are the
input and correct output, respectively. In our case, xi repre-
sents observed quantities which characterize a radio source
such as flux, spectral index, sky position and compactness,
while tk is unity/zero for a pulsar/non-pulsar, respectively.
In this work, we employ the simplest case of the multilayer
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ing steps and the weight decay term λ, determined by by the
method mentioned in section 4.2 for Case 1. The thick symbols,
(106, 10−5) and (106, 10−9), represent where the hyper-parameters
are chosen twice.

5 RESULTS

5.1 Performance Test

First, we show the results of performance tests of our ANNs.
Fig. 5 represents the hyper-parameters determined by the
method mentioned in section 4.2 for Case 1. Although the
distribution of hyper-parameters seems diverge, the numbers
of training steps are chosen between 105 and 106 for all of
the 10 networks, while the weight decay term λ tends to be
less than 10−4.

Next, we show the results of test of trained networks.
The outputs of our ANNs are the probabilities z1 and z2

that the input object is a pulsar z1 and non-pulsar object,
respectively, where the sum of them is normalized to unity.
Fig. 6 shows the histogram of z1 of the test data obtained
from all of the 10 trained ANNs for Case 1. As can be seen,
the value of z1 is almost zero or unity for most objects. Fig.
7 shows the corresponding receiver operating characteristic
(ROC) curve, and the area under the ROC curve (AUC)
is 0.976. This value indicates that the trained network has
high performance.

To determine the criterion of z1 that classifies objects
into the pulsars or non-pulsars, we use the following evalu-
ation measures,

Recall =
TP

TP + FN
, (12)

Precision =
TP

TP + FP
, (13)

F1 − score =
2 × Recall × Precision

Recall + Precision
, (14)

where TP, FN and FP stand for true positives, false nega-
tives and false positives which represent the numbers of pul-
sars classified as pulsars, pulsars classified as non-pulsars and
non-pulsars classified as pulsars, respectively. Fig. 8 shows
the averaged Recall, Precision and F1-score over 10 realiza-
tions as a function of the criterion of z1 for Case 1. Although
F1-score is the largest at around z1 = 0.3, it is almost flat
between 0.1 and 0.9 and drops sharply for z1 > 0.9. In Fig.
8, the number of pulsar candidates which are obtained by
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Figure 6. Probability distribution of z1 of pulsars and non-
pulsars of test data of all of the 10 realizations for Case 1.
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Figure 7. Averaged receiver operating characteristic (ROC)
curve over realizations for Case 1. The corresponding area un-
der the ROC curve (AUC) is 0.976.

applying the trained ANN to the unidentified objects in the
Gasperin catalog is also shown (see section 5.4). Because
non-pulsar objects are considered to dominate the uniden-
tified objects, we choose the threshold to be z1 = 0.9 which
gives a high value of Precision and a relatively small num-
ber of pulsar candidates. The situation is similar for other
Cases, therefore, we take z1 = 0.9 as the criterion of pulsar
candidates for all Cases hereafter.

Table 2 shows the mean values and standard devia-
tions of the true positive rate (same as Recall) and false
positive rate over the trained networks for the fiducial and
variant ANNs. Here, the false positive rate is defined as
FP/(FP+T N), where T N stands for true negatives that rep-
resents the number of non-pulsars classified as non-pulsars.
Fixing the number of non-pulsar training data to 10,000,
Case 3 has the largest true positive and smallest false pos-
itive, and their variances among the networks are smallest.
Thus, Case 3 would be the best ANN of the four. Although,
there are uncertainties in the true and false positives over
the networks, it can also be seen from the comparison of
the four cases that the absolute value of galactic latitude is
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applying the trained ANN to the unidentified objects in the
Gasperin catalog is also shown (see section 5.4). Because
non-pulsar objects are considered to dominate the uniden-
tified objects, we choose the threshold to be z1 = 0.9 which
gives a high value of Precision and a relatively small num-
ber of pulsar candidates. The situation is similar for other
Cases, therefore, we take z1 = 0.9 as the criterion of pulsar
candidates for all Cases hereafter.

Table 2 shows the mean values and standard devia-
tions of the true positive rate (same as Recall) and false
positive rate over the trained networks for the fiducial and
variant ANNs. Here, the false positive rate is defined as
FP/(FP+T N), where T N stands for true negatives that rep-
resents the number of non-pulsars classified as non-pulsars.
Fixing the number of non-pulsar training data to 10,000,
Case 3 has the largest true positive and smallest false pos-
itive, and their variances among the networks are smallest.
Thus, Case 3 would be the best ANN of the four. Although,
there are uncertainties in the true and false positives over
the networks, it can also be seen from the comparison of
the four cases that the absolute value of galactic latitude is
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Figure 10. Distribution of the “missed” pulsars and non-pulsar
objects described by the red crosses and circles in the galactic
coordinate.

 0

 1

 2

 3

 4

 5

 1  1.5  2  2.5  3  3.5  4  4.5  5

L
o
g
ar

it
h
m

ic
 N

V
S

S
 f

lu
x

Logarithmic TGSS flux

missed pulsar

missed non-pulsar objects

Figure 11. Scatter plot of the logarithmic TGSS and NVSS
fluxes of the “missed” pulsars and non-pulsar objects described
by the red crosses and black circles.

Verification of our method through timing observation is
ongoing and will be presented elsewhere1

6 SUMMARY AND DISCUSSION

We applied artificial neural networks (ANNs) for efficient se-
lection of pulsar candidates from continuum surveys, adopt-
ing the method in Eatough et al. (2010) to determine
hyper-parameters. From the input quantities such as ra-
dio fluxes, sky position and compactness, ANNs were con-
structed to output the probability that the object is a pulsar.
We demonstrated ANNs based on existing survey data by
TGSS and NVSS and tested their performance varying the
input parameters and the number of training data. Finally,
we obtained pulsar candidates by applying a trained ANN
to unidentified radio sources.

1 For more information and catalog of our candidates, contact
the authors.
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Figure 12. Distribution of the known pulsars and non-pulsar
objects, and 2,436 candidates with z1 ≥ 0.9 described by the red
crosses, black dots and blue circles in the galactic coordinate.
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Figure 13. Scatter plot of the logarithmic TGSS and NVSS
fluxes of the known pulsars and non-pulsar objects, and 2,436
candidates with z1 ≥ 0.9 described as the red crosses, black dots
and blue circles.

In order to evaluate our trained network, we utilized the
receiver operating characteristic (ROC) curve and the ratio
of the test data with z1 ≥ 0.9 to all of them. As a result
of training, the ROC curves and test using the test data
indicate that the trained networks have high classification
performance and the false positive, which is the probability
that an non-pulsar object is regarded mistakenly as the pul-
sar, is very low of much less than 1%. Assuming that the
real ratio of the pulsar and non-pulsar populations is same
as the observed one of 1:100, the acceptable false positive
rate is less than 1%, thus our ANNs work pretty well for the
pulsar candidate selection. The resultant number of pulsar
candidates for Case 1 is 2,436 with z1 ≥ 0.9 shown in Figs.
12 and 13.

Let us comment on difference of the biases between
training and unidentified object data sets. Although the
unidentified objects distribute almost uniformly in the
Gasperin catalog covered area, the distribution of non-
pulsars in the training data has different bias from the

MNRAS 000, 1–11 (2015)

パルサー候補	

青：パルサー候補 
赤：パルサー 
黒：QSO 



観測的検証	
Parkesでパルサー候補のタイミング観測進行中 

Kumamoto, Hobbs, Shi, KT+, in prep 



観測的検証	 Kumamoto, Hobbs, Shi, KT+, in prep 

これも（こそ）機械学習でやるべき 

Parkesでパルサー候補のタイミング観測進行中 



４、まとめ 



まとめ	

ここ数年で国内での研究はとても活発になった 
・学生のコミット 
・海外PTAとのつながり 
・国内での観測、データ解析 
 
今後の課題 
・nHz重力波検出への貢献 
・国内観測体制の整備 
・より多くの学生の育成 
・重力理論検証 



backup 



the handbook of pulsar astronomy 

星間ガスの影響	 ・分散遅延	
　低周波ほど到着時刻が遅れる	
・散乱	
　低周波ほどパルスが広がる	



観測戦略 
・低周波の方が明るい 
・低周波で遅延、散乱が大きい 
→	銀河面は高周波、面外は低周波 
 
全天サーベイ 
　・SKA-mid銀河面サーベイ 
　・SKA-low銀河面外サーベイ 
ターゲット観測 
　・銀河系中心 
　・球状星団 
　・系外銀河 
　・タイミング観測（ミリ秒パルサー） 
　・Fermi未同定天体 

SKAによるpulsar観測	



・周期分布　→　パルサー進化 
・ 高速　　→　状態方程式 

パルサー周期	

The neutron star EOS Anna Watts

Figure 5: Left: Constraints arising from different spin rate measurements. NS of a given spin rate must
lie to the left of the relevant limiting line in the M-R plane (shown in blue for various spins). EOS models
as in Figure 3. The current record holder, which spins at 716 Hz (Hessels et al. 2006) is not constraining,
but given a high enough spin individual EOS can be ruled out. Between 1 kHz and 1.25 kHz, for example,
individual EOS in the grey band of nucleonic EOS would be excluded. Right: The spin distribution of radio
MSPs with a spin frequency > 100 Hz. The spin distribution of the smaller sample of accreting NS is similar
(Patruno & Watts 2012; Watts 2012).

et al. 2009), obtained from fits to general relativistic calculations of rotating stars. Since we require
f < fK , this results in a constraint on the radius:

R < 10 C2/3


M
M�

�1/3 f
1 kHz

��2/3

km (3.1)

The more compact the star is, the higher the supported rotation rate can be, and the tighter the
constraint on the EOS. Figure 5 shows the spin distribution of the known radio pulsars. The binary
MSP J1748�2446ad (Hessels et al. 2006) is the NS with the shortest known rotational period,
Pmin = 1.396 ms, corresponding to a spin frequency of 716 Hz (the most rapidly rotating accretion-
powered NS rotates at 619 Hz (Hartman et al. 2003)). The resulting constraint is shown in Figure
5: the radius of a non-rotating 1.4 M� star would have to be smaller than 15 km. This is not
particularly constraining for current models: rotation rates faster than a millisecond are required to
rule out EOS.

3.4 State of the art: glitches

The majority of the glitches known today have been detected in the data of long monitoring
programs (at Jodrell Bank, Parkes and Urumqi; (Yuan et al. 2010b; Espinoza et al. 2011; Yu et al.
2013)). This is because glitches are inferred from observations before and after the glitch epoch.
The most minimal characterisation of a glitch is the measurement of the step in spin frequency (Dn).
However, many glitches also induce a change in spin-down rate (Dṅ) and a process of relaxation
towards the pre-glitch rotational values, with timescales that can go up to a few hundred days.
Constraints and information on the glitch mechanism and the rotational dynamics of the neutron
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EPTA 
Perera+ 2018 
µ-Hz GWへの制限。１つのMSPを 
high cadence (~1.6 days)で観測。 
10-7HzではNANOGravより１桁良い。 
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Figure 1. The timing residuals of PSR J1713+0747. The
weighted rms of the residuals is 219 ns. For clarity of the plot,
the residuals of the different telescopes are shown in separate pan-
els. The ∼1.4 GHz observations are presented in black, and the
low- and high-frequency observations are presented in blue and
red colours, respectively. Note that each panel shows different
scale in residuals. The average cadence of observations is 1.6 days
across the entire data span, while the very-high-cadence observa-
tion period between 2013 February and 2014 April achieved an
approximately daily observation cadence. Note that the WSRT
350 MHz data set has comparably large uncertainties and thus
its weight in the timing analysis is small, although it contributes
to the significance of the DM parameters.

SMBHBs. We followed two different methods. First, we used
computationally inexpensive spectral fitting method given
in Yardley et al. (2010). We then undertook a computation-
ally expensive more advanced Bayesian approach using the
“TEMPONEST” plugin in TEMPO2. For an independent
comparison, we finally use a previously developed algorithm
for the first EPTA data release based on Bayesian analysis
(Babak et al. 2016), including evolving SMBHBs. We find
both Bayesian analyses give consistent upper limits on the
strain amplitude, while the spectral method does not pro-
vide optimal results, rather it provides slightly larger upper

limits. As discussed in Ellis et al. (2012), this spectral fit-
ting method is incoherent and thus, provides non-optimal
results. For completeness, we first discuss the spectral fit-
ting method and then the Bayesian approaches.

4.1 Spectral fitting method

As mentioned before, here we use the spectral fitting method
given in Yardley et al. (2010). The definition of the GW sig-
nal given in Yardley et al. (2010) (see Equation 4 therein)
represents a reduced form and thus, misses some parameters
(e.g. orbital inclination i, initial phase φ0 of the GW signal)
compared to the full expression given in Appendix A. We
notice that, this reduced form provides a few factors poor
results in the upper limit estimates. Therefore, we use the
full GW expression.

We first obtain the power spectrum of the timing resid-
uals of PSR J1713+0747 shown in Figure 1. The power spec-
trum of an unevenly sampled data set can be obtained by
using the Lomb-Scargle periodogram (Lomb 1976; Scargle
1982). However, the original LS periodogram does not ac-
count for the uncertainties of the data. When generating
the power spectrum from timing residuals, it is important
to include the uncertainties to avoid any biases of the power
in the spectrum to less-weighted residuals. Therefore, we
use the Generalised Lomb-Scargle periodogram (GLSP) for-
malism introduced in Zechmeister & Kürster (2009), which
accounts for the uncertainties of the data points by includ-
ing weights and also fits for a floating-mean. The power
spectrum of our timing residuals is given in Figure 2. We
note that since the periodogram is weighted by the uncer-
tainties, the low-frequency WSRT 350 MHz residuals with
large uncertainties (see Figure 1) do not contribute signifi-
cantly. This can be clearly seen in the top panel in Figure 2,
where the spectrum is calculated including (solid curve) and
excluding (dotted curve) the WSRT 350 MHz data, respec-
tively. Note that we shifted the dotted curve down by a factor
of 0.1 for clarity of the figure.

In contrast to PSR B1937+21 (see Yi et al. 2014), Fig-
ure 2 shows that the timing residuals of PSR J1713+0747
do not present any significant unmodelled periodic signals.
However, as mentioned in Section 3, we also estimated DM
stochastic and red noise parameters in the timing analy-
sis. For comparison, the middle panel in Figure 2 shows
the power spectrum after subtracting the time-domain wave-
forms of these noise terms in the timing model, resulting in a
slightly lower spectral power at low-frequencies compared to
the previous case. The power spectrum of the residuals, after
subtracting the wave forms of additional DM and red noise
terms, on the data within the very high-cadence observing
period is shown in the bottom panel of Figure 2. No notice-
able red noise is seen within this short, but high-cadence,
time span. The significant power drop at the yearly period
(i.e. a frequency of ∼ 3 × 10−8 Hz) in Figure 2 is common
for all three cases and it is due to fitting for the pulsar po-
sition in the timing model. Similarly, the power absorption
at ∼ 1.7 × 10−7 Hz is due to fitting for the orbital period,
Pb = 67.8 d.

We then use the same method outlined in previous stud-
ies (see Yardley et al. 2010; Yi et al. 2014) to build the de-
tection threshold using the power spectrum of timing resid-
uals. To remove any spurious effects from any apparent
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Table 3. The SMBHB candidates considered in this analysis
based on three studies; (1) Catalina Real-time Transient Sur-
vey (CRTS) (Graham et al. 2015), (2) Palomar Transient Factory
(PTF) data base (Charisi et al. 2016), and (3) Pan-STARRS1
Medium Deep Survey (Liu et al. 2015, 2016b). Note that the ex-
pected GW frequencies from these sources fall in the regime that
our pulsar timing analysis can be probed.

Study Candidates z Period Frequency
(yr) (nHz)

1 111 0.1− 2.7 1.8− 6.7 9.5− 35.7
2 33 0.3− 3.1 0.3− 2.1 29− 177
3 3 1.2− 2.2 1.2− 1.5 41− 54

4.4 Application to proposed SMBHB candidates

It is thought that quasars contain SMBHs and SMB-
HBs in their nuclei. Although SMBHBs are not resolv-
able optically by direct imaging, candidates can be identi-
fied through periodicity in their optical, radio, and X-ray
fluxes. The quadrupole torque produced by a binary in-
duces a periodicity in the accretion flow from a circumbi-
nary disk related to its orbital period (Artymowicz & Lubow
1994; MacFadyen & Milosavljević 2008; Roedig et al. 2011).
This might result in periodic luminosity variations (e.g.
Sesana et al. 2012). By searching for periodicities in obser-
vations of quasars, SMBHB candidates have been identified
in many surveys. In this study we consider those identi-
fied by the Catalina Real-time Transient Survey (CRTS)
(Graham et al. 2015), Palomar Transient Factory (PTF)
data base (Charisi et al. 2016), and Pan-STARRS1 Medium
Deep Survey (Liu et al. 2015, 2016b), which identified 111,
33, and 3 candidate SMBHBs, respectively (see Table 3).
We note that the periodicities of all these candidate sources
are expected to produce GWs in the frequency range be-
tween approximately 10−8 − 10−7 Hz, which falls into the
frequency range that our timing of PSR J1713+0747 can
probe. Therefore, we estimated these expected signals (us-
ing Equation A10 and assuming equal mass SMBHs (i.e.
q = M2/M1 = 1) in binary systems) and compared them
with our timing derived upper limit on the strain amplitude
(see Figure 4). The lower limit of these expected signals
shown in the figure are estimated by assuming a mass ratio
of q = M2/M1 = 0.1. As seen in Figure 4, the strain am-
plitudes of the predicted GW signals from these sources are
lower (by more than a factor of 4 for the strongest ones) than
the sky-averaged sensitivity curve for PSR J1713+0747. We
note that none of these candidates are located in the direc-
tion of the pulsar. Thus, using the actual sky locations of
these sources in the GW search analysis will not improve
the sensitivity significantly compared to the sky-averaged
sensitivity presented in Figure 4 (see the dotted curves in
Figure 3 for upper limits based on optimal sky location).
This indicates that, we cannot expect to detect GW signals
produced by these candidates in our timing results yet.

5 CONCLUSIONS

We used high-cadence observations of PSR J1713+0747 to
place upper limits on the strain amplitude of CGWs pro-

Figure 4. The 95 per cent upper limit on the sky-averaged strain
amplitude of CGWs. The colour code of the curves is the same
as that given in Figure 3. For clarity, only the limits obtained
from Bayesian approaches are plotted. The dashed and dotted
lines show the theoretically expected strain amplitude from SMB-
HBs with equal masses of 109 M⊙ and 108 M⊙ at a distance of
the Virgo cluster, 16.5 Mpc, respectively. The circles, squares,
and crosses show the expected GW strain amplitude produced
by the SMBHB candidates reported in Graham et al. (2015),
Charisi et al. (2016), and Liu et al. (2016b), respectively (see Ta-
ble 3 for more information). Note that the expected strain ampli-
tudes are estimated using Equation A10 given in Appendix A.

duced by individual SMBHBs in circular orbits. Based on
the typical frequency range used in previous studies, 1/Tobs

and N/(2Tobs) (e.g. Yardley et al. 2010; Yi et al. 2014), we
used our observations to probe GWs produced within a
frequency range between 7.8 × 10−9 Hz and 5 × 10−6 Hz,
covering the high-frequency µHz regime. We used three in-
dependent methods in the analysis, including a spectral
fitting method and more advanced Bayesian approaches.
As mentioned in previous studies (see Yardley et al. 2010;
Ellis et al. 2012) and also shown in Figure 3, the spectral
fitting method does not provide optimal results due to its
simple incoherent fitting procedure and absence of proper
noise modelling of the pulsar. We find that the independent
Bayesian analyses are consistent, and also about a factor of
five better compared to the spectral fitting method. Based
on our results, we found a 95 per cent upper limit on the
sky-averaged strain amplitude of CGWs to be ! 3.5×10−13

at a reference frequency of 1 µHz. For an optimal sky lo-
cation, the 95 per cent upper limit on the strain amplitude
is improved to be ! 2.1 × 10−13 at the same reference fre-
quency. We also found that our timing results place upper
limits on the sky-averaged and optimal strain amplitude of
low frequency CGWs to be ! 1.4× 10−14 and ! 1.1× 10−14

at a reference frequency of 20 nHz, respectively. This low-
frequency limit is approximately a three orders of magnitude
better compared to the result presented in Yardley et al.
(2010) for this pulsar. We also compared our limits with

MNRAS 000, 000–000 (0000)

上限 

109Msun @ Virgo 

108Msun @ Virgo 

SMBHB候補から 
予測される重力波 


