
The cloud top is at a lower pressure 
•  when the planet is closer to the host 

star; 
•  when the atmosphere has more H2O or 

NH3; 
•  when the planet has a greater internal 

heat flux. 

If a matured planet has a very low internal 
heat flux, NH3 clouds may not form 
because of a deep H2O cloud layer that 
dissolves NH3. 
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Reflection of Exoplanets 
Current observations of exoplanet atmospheres using the transit technique work 

the best for planets close to their parent stars. Due to stellar irradiation, these 
planets generally have warm and hot atmospheres. 

Future direct-imaging exoplanet space 
missions will provide the capability to directly 
detect exoplanets of nearby stars. The inner 
working angles of the missions – the smallest 
angle at which a planet can be detected – 
determine that the exoplanets to be observed 
are sufficiently separated from their parent 
stars. These exoplanets will have much colder 
atmospheres and different chemical states 
than the exoplanets observed currently by the 
transit technique.  

(Seager & Deming 2010) 

WFIRST-AFTA 
The Wide-Field Infrared Survey Telescope (WFIRST) is a NASA observatory 

designed to perform wide-field imaging and slitless spectroscopic surveys of the 
near infrared (NIR) sky for the community. The current Astrophysics Focused 
Telescope Assets (AFTA) design of the mission makes use of an existing 2.4m 
telescope to enhance sensitivity and imaging performance. 

(Courtesy of W. Traub) 

What can we learn about giant exoplanets 
from their reflection spectra? 
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I have developed a state-of-the-art atmospheric chemistry and radiative transfer 
model for exoplanets based on fundamental principles. The model includes water 
and ammonia as potential condensable species, estimates the particle size for 
calculating the optical properties of clouds, and considers the cloud feedback on the 
adiabatic lapse rate and the albedo of the planet.  

Whether clouds exist is the primary 
factor that controls the appearance of an 
exoplanet. Rayleigh scattering, molecular 
absorption, and scattering and absorption 
by atmospheric condensates determine 
the reflection spectra of gaseous 
exoplanets. A great diversity in the 
possible spectral features of the reflected 
light of exoplanets can be anticipated. 

Both the cloud top pressure and the mixing ratio of methane, and other 
species to a lesser extent, determine the spectral shapes of the exoplanets to be 
characterized by WFIRST-AFTA.  
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When the uppermost cloud 
deck is shallower than ~1 
bars (e.g. NH3 cloud), the 
methane absorption features 
are prominent at 700 – 1000 
nm when the mixing ratio of 
methane is higher than 10-4. 
When the uppermost cloud 
deck is deeper than ~1 bars 
(e.g. H2O cloud), the planet 
would be very dark at all 
wavelengths longer than 750 
n m , a n d t h e m e t h a n e 
absorpt ion features are 
prominent at 600 – 750 nm.  

I find that the cloud top pressure and the mixing ratio of methane can be 
derived unambiguously from a single reflection spectrum with the nominal 
spectral capability provided by WFIRST-AFTA, if the cloud top pressure is 
between 0.6 and 1.5 bars. 
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For each scenario, the 
d i f fe rence be tween the 
scena r i o and a l l o the r 
scenarios in their reflection 
spectra is quantified by χ2/dof 
for an assumed signal-to-
noise ratio at 600 – 1000 nm. 
This quantity shows the 
d e t e c t a b i l i t y o f s o m e 
scenarios. The weak bands 
and strong bands of methane 
enable the detectability.  

The cloud top pressure depends on both the abundances of water and 
ammonia gas in the atmosphere, and the internal heat flux of the planet. The 
cloud top pressure does not depend on the methane abundance. 
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I tested the model by reproducing 
the temperature-pressure profile, the 
cloud structure, and the geometric 
albedo spectrum of Jupiter. An upper 
tropospheric haze can affect the 
depths of weak methane bands.  

Atmosphere Chemistry 
& Dynamics 

Radiative 
Transfer 



.

We have been measuring Exozodiacal light levels in the Near Infrared
(NIR) around main sequence stars, as part of a NASA Exoplanet Re-
search Program Grant. NIR Circumstellar excess light within 1AU
from neighboring stars most likely originates from hot dust, which
may hint at the existence of exoplanets, but also hinder exoplanet de-
tection with future direct imaging missions.
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•We require very high angular resolution, attainable with optical long-
baseline interferometry, which combines light between separate tele-
scopes to form interference fringes.
•The observational signature of faint (∼ 1%) circumstellar excess light
is a small (∼ 1%) deficit in the fringe contrast compared to a non-excess
star.
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We are using the Center for
High Angular Resolution As-
tronomy (CHARA, Mt. Wilson)
telescope array, along with the
JouFLU fibered beam combiner,
to precisely (< 1%) measure the
contrast of interference fringes.
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We have developed a Data Analysis Pipeline which minimizes sta-
tistical and calibration biases in the circumstellar excess estimation.
For each observation we estimate the interference fringe contrast from
an ensemble of fringe scans.
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.
•We have shown that the median of the squared visibilities is an un-
biased estimate of the squared (uncalibrated) visibility.
•Bootstrapping methods are used to calculate the uncertainties, mak-
ing no assumptions about the statistics of the visibilities.
•We have improved the visibility calibration: we take into account the
time variation as well as the uncertainty of each calibration observation
(shown below in red).
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Results (FY15): We have observed 55 targets, including 41 main se-
quence stars new to this program. We have analyzed data for 31 stars,
and have detected NIR circumstellar excesses for 7 stars at the few
percent level, 3 of which were previously unobserved or undetected.
Below we show an example detection and an example non-detection.
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A continuation of the ongoing survey may allow us to shed light on the
poorly understood phenomenon of hot circumstellar dust, by searching
for correlations with basic stellar characteristics and the existence of
an outer-colder debris disk.
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MeasurementCofCSingleCandCMultipleCChargeCExchangeCforC
Highly-ChargedCSolarCWindCIonsCwithCCometaryCandCPlanetaryCGases
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IntroductionCandCMotivation

TheCchargeCexchangeCinteractionCbetweenCionsCfromCtheCsolarCwindCisCresponsibleCforCX8rayCemissionsCfromCcometaryCgasesCandCplanetaryCatmospheresPCInCorderCtoCbetterC
understandCtheCexpectedCandCobservedCyieldsCofCphotonCemissionsMCourCworkCfocusesConCtheCmeasurementCofCabsoluteCcrossCsectionsCforCmultipleCchargeCexchangesCusingCaC
highly8chargedCionCsourceCwithCaCretarding8potentialCanalyzerPCX8rayCemissionsCareCdirectlyCimagedCusingCaCgrazing8incidenceCspectrometerCandCCCDCcameraCinCorderCtoCresolveCtheC
radiativeCtransitionsCinCtheCenergyCstatesCpopulatedCviaCchargeCexchangePCThisCworkCfocusesConCmeasurementsCinvolvingCtheCmostCabundantCsolarCwindCheavyCionMCO~GMCwithCaC
numberCofCneutralCtargetCgasesCfoundCinCcometsCandCplanetaryCatmospheresP

TheCapparatusCconsistsCofCaCgasCcellCACECcontainingCtheCtargetCneutralCgasPCThe
ionCbeamCisCfocusedCthroughCtheCgasCcellCandCintoCaCFaradayCcupCAFCEPCACretardingCpotentialC
analyzerCresolvesCtheCbeamCinCenergyMCwhichCindicatesCtheCchargeCstateCofCtheCcharge8
exchangedCbeamPCX8raysCfromCtheCchargeCexchangeCinteractionCareCemittedCthroughCaChole
inCtheCgasCcellCandCpassCthroughCanCentranceCslitCAESEPCTheyCareCthenCdiffractedCoffCofCaC
gratingCAGEMCandCdispersedCbyCwavelengthContoCaCCCDCcameraMCwhileCaCcapacitanceC
manometerCACMECmonitorsCtheCpressureCinCtheCgasCcellP

ChandraCX8rayCimageCofCCometC5P/TuttleCinCtheC
photonCenergyCrangeCV3380333CeVCA4P080P1CnmE
AChristianCetCalPC1303EP

AverageCabundanceCofCheavyCionsCinCtheCsolarCwindPCO~GMCtheCmostCabundantCheavyCionMCisCtheCfocus
ofCthisCworkPCTheCsolarCwindCisCbimodalCinCspeedMCwithCaCfastCA~723Ckm/sECandCaCslowCA~433Ckm/sECcomponentP
TheCpresentCdataCshowCcrossCsectionsCforCbothCionCspeedsMCandCX8rayCspectraCforCtheCfastCionsP

PresentCexperimentalCdataCforCchargeCexchangeCcrossCsectionsCforCfastCAleftECandCslowCArightECO~GCionsPCDataCareCpresentedCforCindividualCgasesMCasCwellCasCanCoverallCexperimentalCaverageMCandCa
theoreticalCaverageCfromCpresentCcalculationsPCForCtheCtargetCgasesCpresentedMCsingleMCdoubleMCandCtripleCchargeCexchangeCinteractionsCwereCmeasuredPCQuadrupleCchargeCexchangesMCwhileCpossibleCwithCthe
presentCtargetsMCwereCbelowCtheCdetectableClevelMCAMachacekMCetCalPC1302EP
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DiagramCofCtheCeffectCofCtheCsolarCwindConC
gasesCsurroundingCaCcometPCTheCX8rayCphotonCisC
producedCbyCchargeCexchangeCwhichCresultsCinCaC
radiativeCdecayCinCtheCprojectileCionPC

RightjCMeasuredCX8rayCspectrumC
inCtheC03812CnmCwavelengthCregionC
forCfastCA~723Ckm/sECO~GCionsCon
ArCgasPCTheCO~GCionsCareChereC
acceleratedCwithCaC7CkVCpotentialCandC
introducedCintoCaCgasCcellCwithCAr
atC~1CmTorrP

TheCdominantClinesCareMCasCexpectedMC
fromCsingleCchargeCexchangeMCresultingC
inCtransitionsCinCO2GCAredMCOCVIEPC

DoubleCchargeCexchangesCareCobservedC
withCsingletCandCtripletCtransitionsCinC
O4GCAblackMCOCVEPC

TheCsmallClineCnearC14CnmCisCdueCtoCaC
tripleCexchangeCtoCOVGCAgreenMCOCIVEP

AllClinesCareCidentifiedCusingCtheCNISTC
AtomicCSpectraCDatabaseP

PotentialCbarrierCmodelCdescibingCtheCtransferC
ofCanCelectronCfromCaCneutralCgasCtoCaCprojectileCionPC
AsCtheCionCfliesCcloseCtoCtheCtargetCgasMCtheCbarrierMC
whichCkeepsCtheCelectronCboundMClowersCdueCtoCthe
attractionCofCtheCmolecularCionsCtoCtheCsolarCwind
ionP

TheCelectronCisCtransferredCtoCanCexcitedCstateCin
theCtargetCgasPCWhenCtheCelectronCrelaxesCtoCtheC
groundCstateMCaCphotonCisCemittedCwithCwavelengthC
givenCbyCtheCenergyCdifferenceCinCtheCstatesPC

X8rayCspectraClikeCtheConeCatCrightCindicateCtheC
relativeCpopulationsCofCexcitedCstatesCfollowingC
chargeCexchangeP

OngoingCandCFutureCWork

ChargeCexchangeCresultsCnotCpresentedC
hereCincludeCfastCandCslowCionC
measurementsCforCSi7803GCwithCtargetCgasesC
HeCandCH1MCalongCwithCtheoreticalC
calculationsCforCthoseCsystems

X8RayCmeasurementsCareCbeingCpreparedC
forCO~GCforCtheCremainingCmolecularCtargetsC
N1MCCOMCCH4MCH1OMCCO1MCN1OMCandCNOMCasCwellC
asCX8rayCspectraCinCtheClongerCwavelengthC
rangeCA~438~3CnmECtoCsupplementCtheC
presentCdata

UpcomingCchargeCexchangeCcrossCsectionC
measurementsCwillCfocusConCtheC
lower8abundanceCsolarCwindCconstituent
ionsMCincludingCNeMCMgMCSMCetcP
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Introduction	
  

•  Quasars	
  (quasi-­‐stellar	
  radio	
  objects)	
  are	
  luminous	
  active	
  galactic	
  nuclei,	
  
powered	
  by	
  accreting	
  supermassive	
  black	
  holes	
  (BHs)	
  

•  The	
  BH	
  masses	
  of	
  quasars	
  measured	
  from	
  broad	
  emission	
  line	
  
kinematics,	
  tell	
  us	
  about	
  their	
  growth	
  history	
  and	
  co-­‐evolution	
  with	
  
their	
  host	
  galaxies	
  

•  The	
  virial	
  BH	
  mass	
  estimators,	
  e.g.,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  from	
  
various	
  emission	
  lines	
  are	
  not	
  well	
  calibrated	
  with	
  each	
  other,	
  especially	
  
in	
  the	
  distant	
  universe	
  (=high	
  redshift)	
  

•  QSONG	
  (Quasar	
  Spectroscopic	
  Observation	
  with	
  NIR	
  Grism)	
  is	
  an	
  AKARI	
  
(明かり) space	
  mission	
  program	
  to	
  obtain	
  2.5-­‐5.0	
  micron	
  quasar	
  spectra	
  	
  

•  155	
  luminous	
  (Lbol>1e47	
  ergs/s)	
  quasars	
  with	
  existing	
  rest-­‐UV	
  spectra,	
  
redshift	
  range	
  3.3<z<6.4	
  to	
  catch	
  Hα	
  emission	
  

Objective	
  &	
  Observations	
  

Quasars	
  zoomed	
  in	
  (left)	
  and	
  out	
  (right),	
  credit:	
  NASA	
  JPL/Caltech	
  

•  The	
  Hα/Hβ/MgII	
  BH	
  masses	
  including	
  the	
  AKARI	
  data	
  (left,	
  red)	
  show	
  a	
  steep	
  
decline	
  in	
  the	
  number	
  of	
  the	
  most	
  massive	
  BHs	
  beyond	
  z=5,	
  with	
  the	
  z<5	
  and	
  
z>5	
  distribution	
  at	
  >2e+9	
  solar	
  masses	
  indistinguishable	
  by	
  only	
  a	
  0.3%	
  K-­‐S	
  
probability.	
  The	
  luminosity	
  selection	
  corrected	
  BH	
  mass	
  counts	
  (right,	
  lines)	
  
support	
  the	
  drop	
  of	
  z>5,	
  10	
  billion	
  solar	
  mass	
  BHs	
  

•  Using	
  the	
  rest-­‐frame	
  optical	
  spectro-­‐photometric	
  observations	
  of	
  distant	
  
quasars,	
  we	
  aim	
  to	
  	
  

i)	
  calibrate	
  a	
  set	
  of	
  rest-­‐frame	
  UV	
  to	
  optical	
  BH	
  mass	
  estimation	
  recipes	
  to	
  
check	
  for	
  consistency	
  	
  
ii)	
  probe	
  the	
  massive	
  end	
  BH	
  masses	
  at	
  high	
  redshift	
  to	
  understand	
  their	
  
mass	
  evolution	
  	
  

Data	
  analysis	
  

AKARI	
  space	
  telescope	
  (left),	
  typical	
  quasar	
  spectrum	
  (right)	
  

Results	
  &	
  Discussion	
  

CIV,	
  MgII	
  :	
  rest-­‐UV,	
  Hβ,	
  Hα	
  :	
  rest-­‐optical	
  

•  L(5100)-­‐L(Hα)	
  	
  relation	
  holds	
  as	
  a	
  linear	
  
function	
  over	
  a	
  wide	
  range	
  of	
  luminosity/
redshift	
  (left),	
  supporting	
  that	
  broad	
  line	
  
kinematics	
  are	
  still	
  useful	
  to	
  measure	
  BH	
  
masses	
  for	
  luminous,	
  distant	
  quasars	
  (red)	
  	
  

•  Hα/Hβ	
  BH	
  masses	
  are	
  consistent	
  with	
  MgII	
  	
  
masses	
  up	
  to	
  0.09	
  dex	
  intrinsic	
  scatter,	
  but	
  
shows	
  0.40	
  dex	
  scatter	
  with	
  CIV	
  (right)	
  

•  Data	
  reduction:	
  AKARI	
  pipeline	
  processed	
  spectrum	
  (left),	
  hot	
  pixels	
  rejected	
  
(middle),	
  multiple	
  pointings	
  of	
  data	
  stacked	
  with	
  sigma	
  clipping	
  (right)	
  

•  Analysis:	
  composite	
  spectrum	
  (left),	
  Hα	
  region	
  fit	
  (middle),	
  Hβ	
  region	
  fit	
  
(right).	
  43	
  BH	
  mass	
  estimates	
  from	
  Hα	
  (S/N>3)	
  spectra	
  are	
  obtained	
  from	
  
line	
  width	
  and	
  continuum	
  luminosity	
  measurements,	
  simulated	
  to	
  be	
  
robust	
  under	
  low	
  sensitivity	
  and	
  spectral	
  resolution	
  (R=120).	
  

Hα	
   Conclusion	
  

Through	
  the	
  AKARI	
  rest-­‐optical	
  spectroscopy	
  of	
  distant,	
  luminous	
  quasars	
  we	
  find	
  that	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
•  Hα/Hβ/MgII	
  BH	
  masses	
  are	
  consistent	
  with	
  each	
  other,	
  and	
  indicate	
  that	
  the	
  bulk	
  of	
  

the	
  most	
  massive	
  BH	
  growth	
  have	
  occurred	
  at	
  z>5	
  

•  Constraints	
  are	
  given	
  on	
  the	
  earliest	
  assembly	
  (seed	
  mass,	
  radiation	
  efficiency)	
  of	
  
the	
  most	
  massive	
  BHs,	
  but	
  also	
  on	
  the	
  BH-­‐galaxy	
  coevolution	
  as	
  the	
  BHs	
  may	
  have	
  
finished	
  their	
  growth	
  before	
  the	
  most	
  massive	
  galaxies	
  do	
  at	
  z<3	
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Herschel Galactic plane survey of ionized gas traced by [NII] 

[ ]                       plays a significant role in star formation as it is produced only in ionized regions; 
        in HII regions as well as diffuse ionized gas. The ionization potential of nitrogen (14.5 eV) 
    is greater than that of hydrogen (13.6 eV), and carbon (11.3 eV), therefore the ionized nitrogen 
   [NII] lines reflect the effects of massive stars, with possible enhancement from X-ray and 
 shock heating from the surroundings. 

Motivation 

Results 
     [NII] has two fine structure transitions at 122 and 205 µm. The two lines can be used to calculate the electron density and column 
density of N+, if one assumes that the emission from both transitions originate in the same gas and under roughly uniform conditions. 

       [NII] detections are mainly toward the Galactic center. [NII] electron 
densities are found to be between 10 to 50 cm-3  (Fig. 2) and N+ column 
densities range between 1016 to 1017 cm-2.  

         High densities indicate that the source of the emission is not the WIM 
(Warm Ionized Medium), which has densities 10-100 times smaller. 

                        Far infrared and sub-/millimeter atomic & ionic fine structure  
         and molecular rotational lines are powerful tracers of  star formation. 

               Although CO lines trace cool to moderately warm molecular gas, ionized 
         carbon [CII] produces the strongest lines, which arise from almost all warm 
 (T >35 K) parts of the ISM. However,[CII] alone cannot distinguish fully ionized 
 gas from weakly ionized gas.  

Methods 
 Two far-infrared 122 µm and 205 µm 
[NII] fine structure spectral lines are 

observed via Photodetector Array 
Camera and Spectrometer (PACS) 

onboard Herschel Space Observatory.  
  

 The sample consists of 149 lines-of-
sight (LoS) positions in the Galactic 
plane, following those of the [CII] 
158 µm observations obtained with 

the GOT C+ survey. 
       

      PACS data have 5x5 spatial 
pixels therefore all 25 spectra are 
averaged to improve S/N, and 
that led to increase the number 
of detections in the averaged 
spectra.       

      [CII] is the most important 
coolant of  atomic hydrogen 
clouds and the photon dominated 
regions (PDRs) of molecular 
clouds and is widely used as a 
tracer of star formation. We found 
that [NII] measured with HIFI 
as well as PACS are linearly 
correlated with the [CII] 
emission. 

Fig 3: Position vs. intensities of [NII] and [CII] are shown through the Galactic plane. 

Fig 4: [NII] 
vs [CII] 
intensities 
shows tight 
correlation. 

Fig 2: Electron densities are shown as function 
of the position in the Galactic Plane. 
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Fig 1:  Histogram of intensities 

      [NII] emission is highly correlated with that of [CII], implying 
that between 1/3 and 1/2 of the [CII] emission arises in the ionized gas. 

       Possible origin of the observed [NII] include the ionized surfaces of 
    dense atomic and molecular clouds, the extended low density  

envelopes of HII regions, and low-filling factor  
high-density fluctuations of the WIM.  

       The pixel to pixel variation 
of the emission within a single 
Herschel pointing is relatively 
small, which is interpreted as the 
[NII] emission comes from an 
extended gas.   

N 

 [NII] detections are mainly toward the Galactic 
center (intensity distribution shown in Fig. 1), but the 
opposite side of the Galactic center gives upper limits 
of ~4x10-10 W/m2/sr-1 for the 122 µm line and ~2x10-9 

W/m2/sr-1  for the 205 µm line (Fig. 3). 

Principal Investigator: Umut Yildiz (3266) 
Paul Goldsmith (3266), William Langer (3200), Jorge Pineda (3266)  

 

    It is important to quantify what fraction of [CII] emission arises in the ionized gas, to 
resolve the different parts of the ISM, leading to determine the total mass of the ISM. 
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 Black Hole Spin  Supermassive Black Hole Growth 

 Conclusions 
 

 Lensed QSO Sample  RX J1131 and Q 2237 
Over the course of its lifetime so far, the Chandra X-ray observatory has been 
undertaking a major program observing lensed quasars in order to study 
variability between the different quasar images. Chandra is the only X-ray 
observatory with the imaging capabilities to resolve these images. This has 
naturally resulted in a large sample of lensed QSOs with X-ray coverage (in 
addition to RX J1131 and Q 2237). To extend our work on   RX J1131 and Q 
2237, we compiled a sample of 27 additioanl lensed quasars over the redshift 
range 1.0 < z < 4.5 with Chandra observations. Unfortunately the rest of this 
sample do not currently have sufficient archival S/N in to search for relativistic 
reflection signatures individually. 

Astrophysical black holes are fully characterised by their mass M and their angular 
momentum J (typically characterised as a dimensionless ‘spin’: a*=Jc/GM2, normalized 
such that -1 < a* < 1). While we have been measuring masses for decades, black hole 
spin measurement is a comparatively new field. Nevertheless, it has quickly become a 
very active area of high-energy astrophysics, as the knowledge of black hole spin has a 
variety of important applications across several key areas of current research, including 
the growth of the supermassive black holes (SMBHs) that power active galactic nuclei 
(AGN; e.g. Berti & Volonteri 2008), launching mechanisms for relativistic jets (Blandford 
& Znajek 1977), and supernovae (Miller, Miller & Reynolds 2011). 

 Lensed Quasars 
For typical high-redshift AGN, our current X-
ray observatories do not have sufficient 
sensitivity to provide the signal-to-noise   (S/
N) required for spin measurements. Recently, 
however, we have demonstrated that strongly 
lensed quasars (e.g. RX J1131, right) offer a 
rare opportunity to obtain spin measurements 
from objects at cosmologically interesting 
redshifts with current instrumentation, 
owing to the combination of the multiple 
images observed and the amplification of the 
intrinsic emission by the lens.  

 Relativistic Disk Reflection 
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AGN spin measurement is anchored in X-ray 
spectroscopy. At sufficient rates in infall, material 
primarily acctes onto a black hole through an 
accretion disk (Shakura & Sunyaev 1973). Spin 
measurements involve measuring the relativistic 
distortions experienced by the ‘reflected’ emission 
from the inner accretion disc, produced when the 
surface of the disk is irradiated by X-rays.  
 
The reprocessed emission spectrum contains 
flourescent line emission, typically dominated by 
the iron Kα line at 6.4 keV (e.g. George & Fabian 
1991). Relativistic effects associated with the 
regions of strong gravity close to a black hole (e.g. 
gravitational redshift, etc.) broaden and skew 
intrinsically narrow emission lines into a 
characteristic ‘diskline’ profile (e.g. Fabian et al. 
1989; right). which depends on black hole spin. 

The growth history of SMBHs is encoded in 
their spin. Growth through a series of chaotic 
mergers should result in spin down, while 
growth through prolonged episodes of coherent 
(common angular momentum axis) accretion 
will result in spin up. These different scenarios 
make different predictions for the redshift 
evolution of the average SMBH spin (e.g. 
Volonteri et al. 2013; right). Testing these 
models requires knowledge of the SMBH spin 
distribution as a function of redshift, out to and 
beyond the observed peak of AGN activity (z ~ 
2 ; Richards et al. 2006), and is one of the main 
goals of the 2028 Athena X-ray observatory. 

Building on the work robustly demonstraing the 
relativistic disk reflection paradigm in the local 
universe (e.g. Risaliti et al. 2013, Walton et al. 2014), 
we found two high-redshift lensed quasars with 
sufficient S/N in the archive to reveal relativistic disc 
reflection signatures: RX J1131 (z = 0.66, Reis et al. 
2014) and Q 2237 (aka ‘the Einstein Cross’, z = 1.7; 
Reynolds et al. 2014). Both show broadened iron 
emission with strong gravitational redshifts (right – 
reflection features from RX J1131, shown as a ratio 
to the intrinsic AGN continuum; below – the full 
reflection model fit to Q 2237). 

By analysing these features with the latest disk 
reflection models, we have been able to provide 
the first direct SMBH spin constraints for sources 
beyond the local universe. Both sources are found 
to host rapidly rotating black holes: 
 
 
 
 
This would imply that both these black holes grew 
primarily through coherent episodes of accretion, 
rather than through a chaotic series of mergers. 

RX J1131: 
 

Q 2237: 

a* = 0.87 
 

a* = 0.74 

+0.02 -0.12 
 

+0.06 -0.03 

However, by combining 
residuals to the continuum 
in the iron emission band 
across the rest of the 
sample, we were able to 
again detect relativistically 
broadened iron emission 
(Walton et al. 2015; right). 
Although the combined line 
profile still does not have 
sufficient S/N to provide an 
average spin estimate for 
the sample, this detection 
further demonstrates the 
potential of this population 
for such work. 
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Knowledge of the SMBH spin distribution as a function of redshift offers a window into the growth history of these objects. However, for 
typical AGN beyond the local universe, current X-ray instrumentation do not have the sensitivity required to undertake spin measurements, 
and the next-gen Athena X-ray observatory will be required. Here, we have demonstrated that strongly lensed quasars offer a means to 
obtain high-redshift (z > 0.5) SMBH spin measurements via their relativistic disk reflection spectra with current instrumentation. We have 
already measured the spin of two such sources, RX J1131 (z = 0.66) and Q 2237 (z = 1.7), finding that both host rapidly rotating black 
holes, and therefore likely grew primarily through coherent accretion episodes. We also detect relativistically broadened iron emission from 
a sample of 27 additional lensed QSO sample observed by Chandra, indicating this is common among the lensed quasar population, and 
that additional measurements should be possible with further observations. This opens up the possibility of constructing a pilot sample of 
high-redshift SMBH spin measurements prior to the launch of Athena. 
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They are at the top of galaxy luminosity hierarchy, 
similar to optical quasars. But they are very dim in 
visible light due to high obscuration by the dust 
cocoons at their cores. The absorbed energy heats 
up the dust to > 400 K (higher than boiling water!!)

Using all sky mid-IR survey data from Wide-field 
Infrared Survey Explorer (WISE), we have 
discovered more than one hundred hyperluminous 
infrared galaxies that radiate over 1013 solar 
luminosities in the infrared. These galaxies, including 
W2246-0526 - as luminous 
as 350 trillion suns and 
the most luminous galaxy 
known so far, are likely 
powered by the accretion of 
supermassive black holes 
above a few times 109 solar 
mass. 

* Chao-Wei is an NPP Fellow at JPL

So? 

Because hyperluminous infrared 
galaxies are rare and distant, 
deeper far-IR sky surveys are 
needed in the future to investigate 
their analog in the earlier universe. 
A 5-meter far-IR telescope will 
be sufficiently picking up similar 
luminous and dusty populations 
at the dawn of the Universe. 


Dust continuum [CII]UV continuum

2"

NW

W2246-0526

SE

UV continuum
Dust continuum
[CII]

by Zen Vuong, Pasadena Star-News
Based on NASA Press-Release 15-095

and Tsai et al. 2015, ApJ 
ALMA and HST images of W2246-0526

Diaz-Santos et al. 2015, Nature, subm.

WISE hyperluminous galaxies are selected by their 
extremely red colors in WISE mid-infrared bands, 
which indicate strong activity in a dusty environment. 
These galaxies are likely powered by accreting 
massive black holes at center.

Blue  
   Red


WISE hyperluminous Galaxies


and is reradiated in the 
infrared, peaking at rest 
frame ~ 6 microns. They 
h a v e a c o m p a r a b l e 
number density to the 
luminous quasars. These 
hyper luminous and 
obscured galaxies may 
h a v e  s i m i l a r 
counterparts at even 
earlier epochs, within 
the first billion years of 
t h e U n i v e r s e .  B u t

What’s new?


How to find them?


Looking forward: 

Far-IR Mission in 2020s 


Why so red but luminous?

current surveys are not sufficient to detect them.

Predicted 
F160μm


Far-IR Colors
High-redshift 
luminous galaxies 


in Far-IR


Assef, Eisenhardt, Stern et al. 2015, ApJ, 804:27

Diaz-Santos, Assef, Blain, Tsai et al. 2015, Nature subm.


Eisenhardt, Wu, Tsai, et al. 2012, ApJ, 755, 173

Tsai, Eisenhardt, Wu et al. 2015, ApJ, 805:90
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FIG. 5. Projections of the probability density function for the linear lensing quantities {�sub,↵
(1)
sub,x,↵

(1)
sub,y,↵

(2)
sub,x,↵

(2)
sub,y} in the

presence of a distant population of mass substructures. Here, the two images are taken to be x1 = (0, Rein) and x2 = (Rein, 0),
where we take Rein = 100. In the above, �sub stands for the projected potential di↵erence between the two images. The grey
points in the 2D plots and the blue histograms along the diagonal show the results from 104 Monte Carlo realizations of distant
point mass-like substructure population. The solid black lines display the analytical results from section III B assuming a purely
Gaussian characteristic function, while the dashed red lines show the results obtained by keeping all terms up to order hNdi�2

in the Edgeworth expansion (see Eq. (58)). In the 2D plots, the inner and outer contours display the 68% and 95% confidence
regions, respectively. We assume the mass substructures to be spatially distributed according to Eq. (30) with rc = 30Rein.
We also take a power law subhalo mass function with slope � = �1.9 between Mlow = 107M� and Mhigh = 1010M�, and take
hsub(Rein)i = 0.001. This yields an expected number of distant mass substructures hNdi = 3705.
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Executive Summary 

What is Dark Matter? 

Observed Strong Lenses Distant Subhalo Population 

 It is now well established that the matter content of the 
Universe is dominated by an unknown exotic component 
whose properties appear very different compared to the 
normal baryonic matter surrounding us on Earth. The key 
point is that the particle physics governing dark matter 
affects how it is distributed on small length scales (see 
Fig. 1 and 2). Since the substructure content of galaxies 
directly depends on this small-scale behavior, constraints 
on the dark matter subhalos from gravitational lensing 
give clues about the properties of dark matter particles 
such as their mass and their possible interactions.    

Future: Combining Multiple Lenses 

 Strong gravitational lensing of a distant source by a 
foreground galaxy provides a unique way to probe dark 
matter at cosmological distances. Since the distribution of 
dark matter within lens galaxies strongly depends on its 
particle physics, observations of strong gravitational 
lenses can yield  important clues about dark matter. 

FIG. 1: (Left panel) Linear matter power spectrum plotted as a function of comoving 
wavenumber k (from Vogelsberger et al. 2015). The black thin solid line illustrates the 
power spectrum for standard cold dark matter, the dashed lines show different warm dark 
matter candidates, while the thick colored solid lines show the linear power spectrum for 
different self-interacting model (Cyr-Racine and Sigurdson 2013; Cyr-Racine et al. 2014) 
that couples to a bath of “dark” radiation until late times. (Right panel) Halo mass 
function for cold and self-interacting dark matter models. We observe that the self-
interacting models have significantly less small-mass halos than cold dark matter. 

FIG. 3: Montage of typical galaxy-scale strong gravitational lenses (c.f. the Master Lens 
Database, http://masterlens.org ). 

FIG. 5: Probability distributions for the local and distant contributions to the linear 
lensing quantities. Clockwise from the upper left corner, the histograms show the 
distribution for gravitational potential, lensing deflection, shear, and convergence 
perturbations, respectively. We observe that distant substructures are dominating the 
potential perturbations (responsible for time-delay fluctuations), while local perturbers 
dominate shear and convergence perturbations (responsible for image brightness 
fluctuations). 

FIG. 7: Marginalized posterior probability distribution for the projected mass fraction in 
substructures (fsub) for four different ensembles of mock gravitational lenses. The vertical 
dashed line displays the input value used for the mock data.  
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Figure 1-2. A gravitational lens diagram. Light from the quasar (left) is bent and focused by the massive lens 

galaxy (center; cf also Figure 1-1), into multiple images (right), resulting into the four-image lensed quasar 

SDSS J0924+0219, observed by the Hubble Space Telescope.  

 
1.1.2 The puzzle of dark matter and the matter power spectrum 
 
1.1.2.1 Dark Matter  

There are many candidate constituents for dark matter.  These include super-symmetric 
neutralinos, super-partners of gauge and Higgs bosons, axions, Kaluza-Klein “extra-dimension” 
particles, and sterile (i.e. right-handed) neutrinos (Dodelson & Widrow 1994, Cheng et al. 2002, 
Feng 2005).  Each is driven by different extensions to the Standard Model of particle physics, 
and each leads to different particle mass-ranges and properties. Fundamentally, the nature of the 
dark matter particle (as expressed through its kinetic decoupling temperature, which is set by its 
scattering cross section) directly affects the linear power spectrum of matter density fluctuations 
today (Colín et al. 2000, Dave et al. 2001, Zentner & Bullock 2003, Green et al. 2005, Profumo 
et al. 2006). Any theoretical dark matter particle candidate must satisfy the following criteria: a) 
it must be sufficiently stable to survive over the full lifetime of the universe, b) must have (or 
predict) a relic density which matches the observations, and finally c) must match the 
measurements of the matter power spectrum over all scales.   

 
For a fully “cold” dark matter particle, simulations predict nested nearly self-similar dark 

matter substructure extending to miniscule scales, as small as Earth-scale masses (e.g. Profumo 
et al 2006).  Therein lies the “substructure problem” which visually evident in Figure 1-1 is 
shown explicitly in Figure 1-3 (Strigari et al. 2007).  The number of substructure halos is 
numbered in the many thousands. Indeed, the “mass function,” or the differential number-
frequency by which N numbers of halos are identified with mass m, follows a power law of the 
approximate form: 

 
 
 
The power-law slope (β) of this substructure mass function is found in CDM N-body 

simulations to range between -1.8 and -2.0, but with a great deal of scatter still between different 
simulations, particularly on the very low-mass end (see Diemand et al. 2007b and references 
therein). The most plausible tracers of substructure in the Milky Way neighborhood are the 
dwarf galaxies in the Local Group, which putatively are substructure halos that host stars.  In a 
census of such dwarfs, mere dozens are found, rather than the thousands that CDM anticipates. 
This has long been identified as a challenge to CDM (Moore et al. 1999, Klypin et al. 1999, 
Strigari et al. 2007, Koposov et al. 2007).  For a dark matter particle that is “warmer” than CDM, 

dN/dm∝mβ. 

Substructure Lensing 

 There are many types of observed strong lenses (see Fig. 
3), each presenting unique constraining power on dark 
matter substructures as well as modeling challenges. The 
key observables used to determine the distribution of dark 
matter within the lens are the positions of the multiple 
images of the source, the brightness of each pixel, and 
(for compact sources) the arrival time delays between the 
different images.  

 The presence of dark matter substructure within the lens 
galaxy gives rise to small fluctuations in the observable 
properties of gravitational lenses that cannot be explained 
by changes in the uniform mass distribution of the lens. 
We have developed (Cyr-Racine et al. 2015) a novel 
approach that greatly speeds up the analysis of the impact 
of substructures on the lensing observables and also 
provides new insights on substructure lensing. We divide 
the subhalos into a distant and local population (see Fig. 
4) and find that time-delay fluctuations are mostly 
affected by distant substructures (see Keeton and 
Moustakas 2009), while image brightness perturbations 
are mostly caused by local subhalos.  

Constraints on Substructures 

 The vast majority of subhalos inside lens galaxies are 
located in the “distant” region of the lens (see Fig. 4). 
Their large number ensures that statistics of the lensing 
fluctuations they give rise to are approximately  Gaussian. 
(see also Keeton 2009). We can therefore predict from 
first principles their impact on lensing observables (see 
Fig. 6) and marginalize over these distribution to obtain 
constraints on dark matter properties.  

FIG. 6: Probability distribution function for the lensing deflections and relative time delay 
between two lensed images. The blue points and histograms show the results of 104 
Monte Carlo realizations of a substructure population. The solid black lines show our 
Gaussian predictions, while the dashed  red lines include the leading order deviation from 
Gaussianity (from Cyr-Racine et al. 2015).   

 Equipped with the distribution of lensing observables, we 
use a Bayesian inference scheme based on the Nested 
Sampling algorithm (Skilling 2004) to model to the mass 
distribution of the lens as well as the parameters 
describing the dark matter substructure population. After 
marginalizing over nuisance parameters, we obtain the 
posterior probability distribution (see Fig. 7) for 
parameters describing the dark matter, allowing us to 
constrain the physics governing dark matter.  

 In order to maximize the constraining power of strong 
gravitational lensing on dark matter physics, one must 
properly combine the observations from multiple lenses.  
Developing the methodology to carry out such an analysis 
is the next major step in this research program and is 
necessary to fully take advantage of future surveys such 
as WFIRST or Euclid.  

Credits: Leonidas Moustakas  

This work is supported in part by the W. M. Keck 
Institute for Space Studies.  

Credits: Leonidas Moustakas  
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Name mDM [M�] ✏ [pc] Nhr

level-1 2.756⇥ 104 72.4 444, 676, 320
level-2 2.205⇥ 105 144.8 55, 451, 880
level-3 1.764⇥ 106 289.6 7, 041, 720

Table 2. Simulation parameters of the selected halo. We list the DM parti-
cle mass (mDM), the Plummer-equivalent softening (✏), and the number of
high resolution particles (Nhr). The softening length is kept fixed in phys-
ical units beyond z = 9. The number of high resolution particles refers to
the CDM case and slightly varies for the different DM models.

Figure 3. Non-linear dimensionless power spectra (�(k)2 =
k3P (k)/(2⇡2)) of the parent simulations for the different models at
the indicated redshifts (z = 10, 6, 4, 2, 1, 0). The dashed gray line denotes
the shot-noise limit expected if the simulation particles are a Poisson sam-
pling from a smooth underlying density field. The sampling is significantly
sub-Poisson at high redshifts and in low density regions, but approaches
the Poisson limit in nonlinear structures. The non-CDM models deviate
significantly from CDM at high redshifts, but this difference essentially
vanishes towards z = 0. At that time only the very small scales show same
deviations from CDM.

4.1 Large scale structure

We first inspect the large scale structure by presenting DM pro-
jections for all models in Fig. 2. Here we show projections of the
full box for all models at z = 0. Each slice has a thickness of
10h�1 Mpc. On these scales all models look essentially the same.
The damping in the linear power spectra at large k leads only to a
suppression on the very smallest scales which are essentially not
visible on the large scales shown here. All our non-CDM mod-
els therefore lead to a large scale structure that is indistinguishable
from the CDM case, which is crucial to preserve the good agree-
ment with observational data on large scales. We will show below
that the DM density field and structures on galactic and sub-galactic
scales are altered significantly for some of the models compared to
CDM.

We quantify the large scale distribution of matter in more de-

Figure 4. Differential FoF halo mass function for the different models at
z = 0. The top panel shows the differential halo mass function multiplied
by mass. The lower panel shows the ratios between the different models.

Figure 5. Central density as a function of halo mass (M200,crit) for all
main haloes; i.e. we do not include subhaloes here. The central (core) den-
sity is measured within 8.7 kpc (three times the gravitational softening
length). The upper panel shows the actual core density. The lower panel
shows the ratio with respect to the CDM case. M1 and M2 show decreas-
ing core densities towards smaller halo masses. Interestingly, M3 shows a
slightly different trend where the core density compared to CDM is most
reduced for the most massive haloes in the simulation.

© 2015 RAS, MNRAS 000, 1–15
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Figure 1. Characteristics of effective models. Left: Linear initial matter power spectra ( (�linear(k)2 = k3Plinear(k)/(2⇡2))) for the different models
(CDM and ETSF models M1 to M3) as a function of comoving wavenumber k. The ETSF models M1 to M3 differ in the strength of the damping and the dark
acoustic oscillations present at large k. Right: Velocity dependence of the cross-section for the different models. All ETSF models M1 to M3 have velocity
dependent cross sections which decrease as v�4

rel for large relative velocities. For low velocities the cross sections can reach up to 100 cm2 g�1

.

acoustic oscillation (rDAO) and damping scale (rSD) can there-
fore, in principle, be constrained via Lyman-↵ forest data. We stress
however that the shape of the cutoff in our models is very different
from the exponential cutoff in WDM models. It is therefore neces-
sary to perform detailed hydrodynamical simulations for the mod-
els presented here in order to provide Lyman-↵ forest constraints
(Zavala et al., in prep).

3 SIMULATIONS

We generate initial conditions at z = 127 within a 100h�1 Mpc
periodic box from which we select a halo for resimulation. Transfer
functions for all models were generated with a modified version of
the CAMB code (Seljak & Zaldarriaga 1996; Lewis & Challinor
2011)). All initial conditions were then generated with the MUSIC
code (Hahn & Abel 2011). The uniform parent simulation is per-
formed at a resolution of 10243 yielding a DM particle mass res-
olution of 7.79 ⇥ 107 h�1 M� and a spatial resolution (Plummer-
equivalent softening length) of 2h�1 kpc. This is sufficient to re-
solve haloes down to ⇠ 2.5⇥109 h�1 M� with about 32 particles.
We note that the mass and spatial resolution of this parent sim-
ulation is slightly better than the simulations presented in Buckley
et al. (2014) with a larger simulation volume. The parent simulation
presented here has therefore more statistics and also includes more
massive clusters. In fact, it contains 10 haloes with a virial mass
(M200,crit) above 1014 h�1 M� at z = 0. The galactic halo for
resimulation was randomly selected from a sample of haloes that
have masses within 1.09⇥1012 h�1 M� and 1.11⇥1012 h�1 M�,
i.e. between 1.58 ⇥ 1012 M� and 1.61 ⇥ 1012 M�. We have se-
lected only those haloes which do not have another halo more mas-
sive than half their mass within 2h�1 Mpc. We have simulated the
halo at three different resolutions level-3 to level-1, which are sum-

marised in Table 2. For these resimulations the softening length is
fixed in comoving coordinates until z = 9. We then keep it fixed
in physical units until z = 0. This value is quoted in the table.
The number of high resolution particles refers to the CDM simula-
tion; the other models produce slightly different numbers. The most
basic characteristics of the halo are presented in Table 3 for the
highest resolution (level-1) and for all different DM models (CDM,
M1-M3). We constructed the initial conditions in such a way that
the haloes do not contain any low resolution contamination within
XXX virial radii.

Self-scattering of DM particles was implemented following
the standard approach described in Vogelsberger et al. (2012) in
the AREPO code (Springel 2010), and we assume scattering to be
elastic and isotropic. This implementation has previously been used
to constraint the self-interaction cross section based on the MW
dSphs (Zavala et al. 2013), predict direct detection signatures of
self-interactions (Vogelsberger & Zavala 2013). It was also found
that self-interactions can leave imprints in the stellar distribution
of dwarf galaxies by performing the first SIDM simulation with
baryons presented in Vogelsberger et al. (2014). Meanwhile there
is a second study of the interaction of SIDM with baryons avail-
able (Bastidas Fry et al. 2015), which uses a feedback model that is
able to create cores by itself.

4 RESULTS

In the following, we will first discuss some features of the large-
scale (100h�1 Mpc) simulations. After that we will focus on the
resimulated galactic halo.

© 2015 RAS, MNRAS 000, 1–15
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Figure 7. DM density projections of the selected MW-like halo for the four different models. The suppression of substructure can clearly be seen for M1 to
M3 compared to the CDM model, which does include power down to small scales without a resolved cutoff, which is present in the ETSF models M1 to M3.
The projection has a side length and depth of 500 kpc.

the actual core density, and the lower panel shows the ratio with
respect to the CDM case. We take the median core density within
each mass bin; the scatter around this median is actually tiny so
we do not show it in the plot. The plot shows that the core densi-
ties over the mass range varies from ⇠ 106 h2M�kpc

�3 for halo
masses around ⇠ 1010 h�1 M� to ⇠ 108 h2M�kpc

�3 for halo
masses around ⇠ 1014 h�1 M�. The lower panel of Fig. 5 shows
the ratio of the core density with respect to the CDM case. Mod-
els M1 and M2 have a significantly reduced core density compared
to the CDM case for low mass haloes. M3 interestingly shows a
different trend. Here the core density is most reduced for massive
systems. This effect is also slightly seen for M2, but it is much more
pronounced for M3. The difference with the result in Buckley et al.

(2014) is caused by the different cross section, there it was constant
at 1 cm2 g�1, which created large cores in massive haloes. Here the
cross section is < 0.1 cm2 g�1 above the scale of ellipticals due to
the velocity dependence.

To understand the core density behaviour in more detail we
show in Fig. 6 stacked density profiles for different halo masses (as
indicated). One can clearly see that the haloes at the low mass end
are significantly affected by both the damping of the initial power
spectrum and self-interactions. The strongest density reduction oc-
curs here for M1, which is has the largest damping scale. This is
true although the self-interaction cross-section is smallest for this
model. This trend continues up to MW masses. Those halo masses
are not so strongly affected by the damping so the self-interactions

© 2015 RAS, MNRAS 000, 1–15

FIG. 2: Simulated galactic dark matter halos the different dark matter models discussed in 
Fig. 1. Here, the color scale illustrates the dark matter density, with warmer color 
indicating higher density. These are the result of dark matter-only N-body simulations  
(from Vogelsberger , Zavala, Cyr-Racine et al. 2015).  
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FIG. 2. Probability distributions for the local and distant contributions to the linear lensing quantities �sub, ↵sub, �sub, and sub.
These quantities are evaluated at the Einstein radius of the main lens, which we take to be Rein = 100. We assume the lens to be
at redshift zlens = 0.5 with a source at redshift zsource = 1, yielding a critical density for lensing ⌃crit = 1.19⇥ 1011M�/arcsec

2.
We define the divide between the distant and local contributions to lie at Rmin = 3Rein and include mass substructures up to
Rmax = 65Rein. The substructures are spatially distributed according to a cored profile (Eq. (30)) with core radius rc = 30Rein.
Mass substructures are taken to have a smoothly truncated NFW profile with tidal truncation radius that depends on subhalo
mass and halo-centric distance as given in Eqs. (27) and (29). We use a subhalo mass-concentration relation derived from
N -body simulations [121] and also implement the scatter about this relation (see Eq. (26)). We assume a power law subhalo
mass function with slope � = �1.9 between Mlow = 107M� and Mhigh = 1010M�. We take the average lensing convergence in
mass substructure at the Einstein radius to be hsub(Rein)i = 0.001.

We can therefore separately compute the characteristic function for the local and distant sub-population, and then
combine them according to Eq. (35) to compute the overall characteristic function of linear lensing quantities. In this
work, we focus on statistically characterizing the distant population of mass substructures inside typical lens galaxies,
which is the dominant contribution for the projected lensing potential and deflections. We leave to future work
[100] the characterization of the local substructure population but we note that gravitational imaging techniques
[21, 36, 43, 85] and resolved spectroscopy [24, 70, 86] can provide information about certain regions of the local
substructure population.

B. Distant Substructure Analysis for Potential and Deflection Perturbations

In this section, we outline our calculations of the characteristic function qdistant1 (kL|q,qsub) for the distant population
of mass substructures. We focus exclusively on computing the characteristic function for the projected lensing potential
and the deflection perturbations since the contribution to shear and convergence perturbations from the distant
population of mass substructures is subdominant. As described above, there are key simplifying facts for the distant
substructure population:

FIG. 4: Illustration of the typical scales 
involved in a galaxy-scale strong lenses. 
The lensed images form very close to the 
Einstein radius (red dashed circle) which 
itself  is located in the very inner region 
of the dark matter halos (that has radius 
Rmax). For our analysis, we divide the 
subhalo population into a local (within 
Rmin) and a distant (beyond Rmin) sub-
population. As shown in Fig. 5, these 
two popula t ions a ffec t l ens ing 
observables  differently.  
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 PLANCK is an European Space Agency (ESA) spacecraft orbiting around  
 the sun at the second Lagrange point. It scanned the entire sky  
 to measure the Cosmic Microwave Background (CMB)  
 anisotropies in temperature and polarization  
 with unprecedented accuracy. 

 
The CMB anisotropies power spectrum contains the necessary  
information to recover the cosmological standard model (LCDM) parameters.  
Because CMB polarization holds imprints of the inflation era, it allows to constrain  
the amplitude of the primordial gravitational wave modes predicted by General Relativity. 
The retrieval of this signature (B-modes) in the CMB polarized power spectra is extremely challenging,  
one has to achieve an exquisite control in the systematics that generate spurious signatures in this estimator. 
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PLANCK High Frequency Instrument beam recovery 

  Cosmic Birefringence 

Ø  We present here the methodologies and tools we created for the PLANCK consortium to achieve the required accuracy in the beam estimate 
(Point Spread Function equivalent for an optical system). The beam window transfer function correlates angular scales, thus distorts the entire 
power spectrum estimates. 

Ø  We use Monte Carlo simulations results of the High Frequency Instrument (HFI) beam pipeline to constrain the Cosmic Birefringence (CB) 
angle, tracer of exotic physics that mixes the polarization modes, extremely sensitive to beam systematics. 

Time response filtering and beam forming 

B-Spline beam representation 

We fit for B-Spline coefficients to describe the main beam. The performances of the B-Spline (BS) 
representation, relative bias (dash line) and relative 1 sigma errors (solid lines) as a function of 
angular scales are shown below, against the previous representation Gauss-Hermite (GH). To solve for the angle, we combine polarized 

spectra TB and TE to build an estimator (QTB) 
compatible with zero, linking the CB angle 
(Dalpha) to the observed spectra. Vanishing 
QTB admits a closed form solution for Dalpha 
 
We use Monte Carlo simulations of Planck  
polarized maps to propagate the statistical 
uncertainties on the recovered value of the CB 
angle: -0.40 +/- 0.12 [degrees] 
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Planets provide a high quality signal in Planck 
HFI frequency bands. We use the combination 
of Mars, Saturn and Jupiter to constrain the 
different regimes of the beam up to 3 
degrees : main beam peak, close side lobes 
and diffraction pattern. 
 
Still, the signal we receive from the calibrators 
is the combination of the underlying beam and 
the time response of the detectors, the latter 
being defined as the sum of time constant 
decays convolved with the response of the 
detector’s electronic chain. 
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The degeneracy is broken using geometrical assumptions 
on the induced beam (compactness) while fitting for the 
time constants.  
 
The left figure displays a 143 GHz beam minus its main 
component (elliptical Gaussian), using forecasted time 
constants from ground measurements (left panel) and 
the same difference using the beam forming code (right 
panel). The compactness criterion we impose on the 
recovered beam reduces the elongated artifact along the 
co scan direction, attributed to the fact that time 
constants may evolve from ground measurements. 
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Still, such a rotation is perfectly mimicked by a consistent mismatch in the relative polarization 
angle of the detectors, traceable through the recovered beam orientations. We use the results 
from the B-Spline characterization to propagate errors due to beam orientation uncertainties 
and assess a total systematic error contribution completing the previous result : 
 

-0.40 +/- 0.12 (statistical) +/- 0.49 (systematics) [degrees] 
 

CMB temperature anisotropies map 
http://www.cosmos.esa.int/web/planck 

Artist view of Planck spacecraft 
http://www.cosmos.esa.int/web/planck 

Cosmic Birefringence (CB) is referred as the rotation of the polarization plane of photons 
travelling cosmological distances through vacuum. The rotation can be described as a difference 
in left and right handed circular polarization velocities. Such an effect may occur in various 
extensions of the standard model of Physics. We expect the rotation angle, if exists, to be below 
1 degree from the literature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Such a rotation will induce a mixing between  
temperature and polarization modes (T, E, B),  
distorting the vanishing CMB power spectra  
TB and EB. In absence of such an effect, they  
are expected to be compatible with 0 across  
all angular scales. 
 
The parity violations are expected to be of a  
few micro Kelvin squared at maximum, thus  
highly sensitive to any residual systematic in  
this poor signal to noise regime.  
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The cause of the observed accelerated 
expansion of the Universe is one of the most 
important unanswered questions in modern 
physics. It could be due to a new component of 
the Universe with negative pressure (“Dark 
Energy”) or to a breakdown of General 
Relativity on cosmological scales (“modified 
gravity”). Weak gravitational lensing has 
become one of the most important tools to 
study this phenomenon, but to reach its full 
potential careful attention must be paid to 
the characterization and control of 
systematic errors.  
We present here studies on the instrumental 
signatures that optical and infrared detectors 
leave on weak lensing observables. 
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Shape measurement in weak lensing Dark Energy and Cosmic Shear 

Ø  Shape measurement is a highly 
non-trivial problem: 
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Objectives and Methods 

Astometric and Photometric  
Biases in DES 

Structures in DES dome flats X-ray flats in LSST CCDs WFIRST detector 
requirements 

Ø  How do astronomical 
de tec tors b ias as t ro-
physical observables for 
weak lensing? 

Ø  W h a t  a r e  t h e  W L 
requirements that NASA’s 
Wide Field Infrared Survey 
Te le scope (WFIRST) 
detectors will have to 
satisfy?  

Ø  We use real data, lab 
m e a s u r e m e n t s ,  a n d 
simulations to study this. 

Ø  We analyze data from the 
Dark Energy Survey (DES) 
to study biases induced by 
the CCDs.  

Ø  We use x-rays hits on the 
CCDs of the Large Synoptic 
Survey Telescope (LSST) to 
probe for instrumental 
signatures on observables.  

Ø Dark Energy (DE) is one of the 
biggest mysteries in modern 
physics.  

Ø We can learn about DE through 
cosmic shear, the subtle distortions 
of galaxy shapes by the dark matter 
distribution of  the Universe. 

Ø  We use custom simulations 
to derive requirements for 
the detectors of the future 
NASA’s WFIRST mission. 

Induced correlations in LSST  
CCDs 

Requirements for WFIRST detectors 

Conclusions and future work 

Sensor effects on the study of Dark Energy using weak lensing 

•  Weak signal  of  
1-2%   

•  Point Spread 
Function (PSF) 
correction and 
modeling 

•  Model biases 
•  Noise biases 
•  Instrumental 

signatures 
•  Undersampled 

images in space 

Ø Sensor effects produce sizeable biases in WL observables 
for the study of Dark Energy. 

Ø We will use simulations and lab measurements to generate 
requirements for the WFIRST detectors.  

www.nasa.gov 
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Ø  Distortions at the CCD edges 
i n d u c e n o n - n e g l i g i b l e 
spurious correlations in 
shapes (work in progress). 

Ø  Structures in dome flats 
correlate with biases in 
astrometry and photometry. 

Ø  Simulations show that 
voltage non-linearity 
induce fractional biases 
in size and shape  
(work in progress). 

Fig. 3 Fractional error in size 
normalized by non-linearity as a 
function on magnitude for all the 
WFIRST filters 

Fig. 2 Two-point correlation in object shapes as  
function of separation 

Fig. 1 Astrometric residuals from star positions 
(right) and  photometric profiles in flat fields (left) 
in DES sensors.   
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Galactic environment effects on gravitational wave signals 
 in pulsar-timing arrays
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Overview and project aim 
!

Precision timing of dozens of Milky Way 
millisecond pulsars permits searches for 
extragalactic gravitational waves (GWs) via 
the deviations to the arrival times of radio 
pulses that they cause. The sources of these 
GWs are likely to be binary systems of 
supermassive black holes, which form when 
galaxies merge together throughout cosmic 
history.  

!
Until now, data analysis approaches have 
not modeled the early phase of the black 
holes sinking towards merger. This can be 
significantly impacted by interactions with 
the central galactic environments, and leave 
a residual signature in the GW signals being 
pursued with pulsar-timing searches. This 
project is aimed at tracking the orbital 
evolution of the most massive black hole 
systems, so that we can extract information 
about the influence of astrophysical 
environments and constrain the various 
mechanisms which hope to resolve the “final 
parsec problem”.

The final parsec problem 
!

Dynamical friction is highly inefficient at 
small black hole separations. The emission 
of GWs is our target signal, but is only 
efficient at separations of ~0.01 - 0.001 pc. 
!
There must be other mechanisms, otherwise 
the black holes would never merge within a 
Hubble time (“final parsec problem”). 
!
!
!
!
!
!
!
!
!
!

!
!
These mechanisms extract energy and 
angular momentum from the binary, driving 
it to smaller separations, and allowing GW 
emission to take over as the dominant 
evolving mechanism.

Galaxy formation and black hole 
mergers 
!

The current paradigm of galaxy formation 
sees galaxies undergo repeated merger 
events throughout cosmic time. 

!
When galaxies merge, the black holes in 
their centers sink together within the 
common merger remnant via dynamical 
friction. But this stops being efficient at 
black hole separations of ~ 1 pc. 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
(Left): A galaxy merger tree, showing small 
galaxies merging together to form larger ones. 
(Top right): Image of interacting galaxies, showing 
distinctive tail features. (Bottom right): Illustration 
of the resident black holes sinking together. 
!

circumbinary disk!
 interaction3-body stellar scattering

hardened binary!
(inspiral phase)

The environment increases 
binary eccentricity 
!

These mechanisms can mitigate the final 
parsec problem, but can also drastically 
increase the binary eccentricity. 

!
!
!
!
!
!
!
!
!
!
!!!

Figure 2. Eccentricity population of MBHBs detectable by ELISA/NGO and PTAs, expected
in stellar and gaseous environments. Left panel: The solid histograms represent the efficient
models whereas the dashed histograms are for the inefficient models. Right panel: solid his-
tograms include all sources producing timing residuals above 3 ns, dashed histograms include
all sources producing residual above 10 ns.

mechanism (gas/star) we consider two scenarios (efficient/inefficient), to give an idea of the
expected eccentricity range. The models are the following

(i) gas-efficient: α = 0.3, ṁ = 1. The migration timescale is maximized for this high values
of the disc parameters, and the decoupling occurs in the very late stage of the MBHB
evolution;

(ii) gas-inefficient: α = 0.1, ṁ = 0.1. Decoupling occurs at much larger (factor 3-to-5) separa-
tions, and MBHBs have much more room to circularize;

(iii) stars-efficient: p(ei) ∝ e. Initial eccentricities are taken according to a thermal probability
density function [33];

(iv) stars-inefficient: ei = 0. Binaries are initially circular, a condition that minimizes the
effectiveness of eccentricity growth.

Results are shown in the left panel of figure 2, where we plot the residual eccentricity of all
sources detected with SNR> 8, when they enter in the ELISA/NGO band4. In general, MBHBs
evolving in gaseous environments are expected to retain a larger eccentricity, with a distribution
tail possibly extending to e ∼ 0.5. Residual eccentricities are mostly in the 10−4 − 10−2 range,
and are generally lower for star driven systems. Note that the distribution predicted by the
star-efficient model just overlaps to the one predicted by the gas-inefficient one. Therefore,
apart from those two extreme cases, the distributions predicted by the two families of models
are generally distinct, especially at the high e tail. A sufficient source detection statistics should
allow discrimination between gas and star driven dynamics, providing valuable information of
the MBHB environment.
4 The band entrance is defined as the frequency where the strain of the source hs squared equals the one-sided
noise spectral density of the detector S(f).
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Eccentricity impacts GW signals 
!
  — Single binary targets !!!!!!!!!!!!!!!!!!!!!!
!
!

!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

There is a  
spectrum of  
frequencies  
rather than a  
monochromatic 
signal

Building an eccentric single 
binary pipeline 
!

We solve the eccentric binary orbit using a 
Fourier analysis. 
The GW amplitude is then given analytically. 
Integrate over GW amplitude and pulsar 
response to give analytic signal model. 

!
!
!
!
!
!
!
!
!
!
!
Simulated pulsar-timing data (blue points) 
containing a GW signal from an eccentric binary. 
The Bayesian recovered GW waveform is shown in 
black and red, illustrating excellent recovery. The 
burst feature around MJD 55100 is a binary 
periapsis passage. 
!

Eccentricity spreads the GW signal into 
frequencies higher than the orbital 
frequency. 
This causes ultra-low frequency binaries to 
have signals pushed into the pulsar-timing 
band, whilst moderate frequency signals are 
pushed out of band. “Double-edged sword” 
!

!
!
!
!
!
!
!
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Conclusions 
!

Astrophysical environments of black hole 
binary systems can impact the binary’s 
orbital evolution. 
We can now model eccentric binary signals 
in pulsar-timing analyses. 
Constraining binary eccentricity will provide 
invaluable insights into the environmental 
mechanisms proposed to mitigate the final 
parsec problem. 
NASA’s DSN will allow us to expand our 
catalog of timed pulsars, improving our 
prospects for GW detection and precision 
science.
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Panels 5 through 7 contain material directly from Taylor et 
al. (2015), arXiv:1505.06208, submitted to ApJ

http://www.nasa.gov/


Limits on the Isotropic  Stochastic Gravitational  
Wave Background from the NANOGrav PTA

Principal Investigator: Justin Ellis* (335) 
Rutger van Haasteren* (335), Stephen Taylor* (335), Michele Vallisneri* (335) 

Poster No. A-14 

      Add Poster Number

National Aeronautics and Space Administration !
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 
!
!
www.nasa.gov !
Copyright 2015.  All rights reserved.

Overview and Project Aim:
Pulsar timing arrays (PTAs) offer a unique opportunity to detect low frequency 
gravitational waves (GWs) in the near future. In this frequency band, the expected 
source of GWs are Supermassive Black Hole Binaries (SMBHBs) and they will 
most likely form in an ensemble creating a stochastic GW background with the 
possibility of a few nearby/massive sources that will be individually resolvable. We 
present upper limits on the strength of the isotropic stochastic background of 
gravitational waves using the new 9-year North American NanoHertz Observatory 
for Gravitational Waves (NANOGrav) data release. Using several published models 
for the merger rate of SMBHBs we place meaningful constraints on the transition 
frequency at which environmental factors such as stellar hardening and 
circumbinary interactions become comparable to the energy loss due to GW 
emission. Furthermore, we can use these contraints to place limits on stellar 
density in galaxy cores and the eccentricity of SMBHBs entering GW merger.

Power-law upper limits:
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The hierarchical formation of BCGs 5

Figure 1. BCG merger tree. Symbols are colour–coded as a function of B - V colour and their area scales with the stellar mass. Only
progenitors more massive than 1010 M⊙ h−1 are shown with symbols. Circles are used for galaxies that reside in the FOF group inhabited
by the main branch. Triangles show galaxies that have not yet joined this FOF group.

Figure 2. Merger tree of the FOF group in which the BCG sits at redshift zero. Only the trees of subhalos with more than 500 particles
at z = 0 are shown. Their progenitors are shown down to a 100 particle limit. Symbol coding is the same as in Fig. 1. The left-most tree
is that of the main subhalo of the FOF, while the trees on the right correspond to other substructures identified in the FOF group at
z = 0. In green, we mark the subhalo that contains the main branch of the BCG.

c⃝ 2006 RAS, MNRAS 000, 1–13

De Lucia et al, 2006

Fig. 2.— The M•�L relation for the 44 early-type galaxies with reliable measurements of the V-band bulge luminosity in our sample. The
symbols are the same as in Figure 1. The black line represents the best-fitting power-law log10(M•/M�) = 9.23+1.11 log10(Lv

/1011 L�).

M/L from stellar population synthesis models (e.g., Cap-
pellari et al. 2006; Conroy & van Dokkum 2012). For this
reason, we adopt a conservative approach and assign a
minimum error of 0.24 dex to each value of M

bulge

. The
corresponding confidence interval (0.58 - 1.74) ⇥M

bulge

spans a factor of 3. To test how well our M
bulge

values
represent the stellar mass of each galaxy, we also have fit
the M•�M

bulge

relation using a sample of 18 galaxies for
which M

bulge

is computed from the stellar mass-to-light
ratio, M

?

/L. Our fits using the dynamical M
bulge

and
stellar M

bulge

samples are consistent.

3. BLACK HOLE SCALING RELATIONS AND FITS

In this section we present results for the fits to black
hole scaling relations for the full sample of dynamically
measured M• listed in Table A1, the full sample of M•
plus 92 upper limits on M•, and various subsamples di-
vided by galaxy properties.

3.1. Fitting methods

Our power law fit to a given sample is defined in log
space by an intercept ↵ and slope �:

log
10

M• = ↵+ � log
10

X , (2)

where M• is in units of M�, and X = �/200 km s�1,
L/1011L�, or M

bulge

/1011M� for the three scaling re-
lations. We have also tested a log-quadratic fit for the
M• � � relation:

log
10

M• = ↵+ � log
10

X + �
2

[log
10

X]2 , (3)

where X = �/200 km s�1. Results for the quadratic fit
are discussed separately in Sec. 3.2.6 below.
For the power-law scaling relations, we have com-

pared three linear regression estimators: MPFITEXY,
LINMIX ERR, and BIVAR EM. MPFITEXY is a least-squares
estimator by Williams et al. (2010). LINMIX ERR is a
Bayesian estimator by Kelly (2007). Both MPFITEXY and
LINMIX ERR consider measurement errors in two variables
and include an intrinsic scatter term, ✏

0

, in log(M•).
LINMIX ERR can be applied to galaxy samples with upper
limits for M•. For the M• � � sample with upper limits,
we also use the BIVAR EM algorithm in the ASURV soft-
ware package by Lavalley et al. (1992), which implements

4

Fig. 1.— The M• � � relation for our full sample of 72 galaxies listed in Table A1 and at http://blackhole.berkeley.edu. Brightest
cluster galaxies (BCGs) that are also the central galaxies of their clusters are plotted in green, other elliptical and S0 galaxies are plotted
in red, and late-type spiral galaxies are plotted in blue. NGC 1316 is the most luminous galaxy in the Fornax cluster, but it lies at the
cluster outskirts; the green symbol here labels the central galaxy NGC 1399. M87 lies near the center of the Virgo cluster, whereas NGC
4472 (M49) lies ⇠ 1 Mpc to the south. The black-hole masses are measured using the dynamics of masers (triangles), stars (stars) or gas
(circles). Error bars indicate 68% confidence intervals. For most of the maser galaxies, the error bars in M• are smaller than the plotted
symbol. The black dotted line shows the best-fitting power law for the entire sample: log10(M•/M�) = 8.33 + 5.57 log10(�/200 km s�1).
When early-type and late-type galaxies are fit separately, the resulting power laws are log10(M•/M�) = 8.41 + 5.08 log10(�/200 km s�1)
for the early-type (red dashed line), and log10(M•/M�) = 8.07 + 5.06 log10(�/200 km s�1) for the late-type (blue dot-dashed line). The
plotted values of � are derived using kinematic data over the radii rinf < r < re↵ .

excluded. Setting r
min

= r
inf

produces an alternative
definition of � that reflects the global structure of the
galaxy and is less sensitive to angular resolution. We
compare the two definitions of � for 12 galaxies whose
kinematics within r

inf

are notably di↵erent from kine-
matics at larger radii. As shown in Table 1, excluding
r < r

inf

can reduce � by up to 10-15%. Ten of the 12 up-
dated galaxies are massive (� > 250 km s�1 using either
definition). Rusli (2012) presented seven new stellar dy-
namical measurements of M• along with central velocity
dispersions. We have used the long-slit kinematics from
Rusli (2012) and references therein to derive � according
to Equation 1; our � values appear in Tables A1 and 1.
For the M• � M

bulge

relation, we have compiled the
bulge stellar masses for 35 early-type galaxies. Among
them, 13 bulge masses are taken from Häring & Rix

(2004), who used spherical Jeans models to fit stellar
kinematics. For 22 more galaxies, we multiply the V -
band luminosity in Table A1 with the bulge mass-to-
light ratio (M/L) derived from kinematics and dynam-
ical modeling of stars or gas (see Table A1 for refer-
ences). Where necessary, M/L is converted to V -band
using galaxy colors. The values of M

bulge

are scaled to
reflect the assumed distances in Table A1.
Most of the dynamical models behind our compiled val-

ues of M
bulge

have assumed that mass follows light. This
assumption can be appropriate in the inner regions of
galaxies, where dark matter does not contribute signifi-
cantly to the total enclosed mass. Still, several measure-
ments are based on kinematic data out to large radii.
Furthermore, some galaxies exhibit contradictions be-
tween the dynamical estimates of M/L and estimates of

3
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Figure 3: Left: Comparison of GW detectors, showing measured (solid lines) and projected (dotted lines) characteristic
strain (hc) sensitivity vs. GW frequency along with expected source strengths. Sensitivity corresponds to the projected
upper limits assuming no GWs; the 2010 curve illustrates the upper limit presented in the first all-NANOGrav paper
[2]. Pulsar timing probes a complementary area of parameter space to other detectors. Right: Probability of detection
for the SB produced by SMBH mergers as a function of time. We used the number of MSPs for the five years of the
project listed in Fig. 4, with the same precisions as the current NANOGrav MSPs. We included the expected increases
in timing precision and cadence due to wideband receivers at the GBT in 2016 and Arecibo in 2017. The red, green, and
blue curves correspond to recent, conservative estimates for upper (2⇥ 10�15), mid (1⇥ 10�15), and lower (5⇥ 10�16)
bounds on the strength of the SB [7]. The MSPs being monitored by NANOGrav do not show strong evidence for red
spin noise but, conservatively, we have included red noise with an induced RMS residuals of 5 ns after 5 years. In Fig. 4
we list the probability of detection for an amplitude 1⇥10�15 SB background and the amplitude which we would expect
to detect with 90% confidence for all five years of the project.

C Detecting and characterizing gravitational wave sources

As shown in Fig. 3, as the total timespan of our observations grows, we become more sensitive to the lower
GW frequencies that induce larger signatures in our data. A discovery is likely within a decade if the Universe
evolves as current models and evidence suggest. It is therefore critical that we develop techniques to detect all three
types of signals, to understand the source populations, and to carry out electromagnetic (EM) counterpart searches.

Stochastic background: For the first NANOGrav upper limit paper, the correlation analysis was performed
separately from the timing fit, with the properties of the fit used to determine the amount of GW power ab-
sorbed. Ideally, however, one must fit for both the timing model and the GW signal simultaneously. In this
case, signal characterization and parameter estimation are very challenging because likelihood evaluations
involve the inversion of large matrices, requiring several thousand CPU years to search the full parameter
space of MSP and GW signal model parameters. We will therefore develop likelihood parallelization meth-
ods to use on large computing clusters. Initial work indicates that these methods can increase computational
speeds by factors of ⇠1000, with additional acceleration by factors of ⇠100 if GPUs are used.

Continuous waves and bursts from individual SMBH binaries: It is possible that our first detection will
not be of the SB but of some other signal, such as quasi-sinusoidal continuous waves (CWs) from orbit-
ing SMBHs or bursts from highly elliptical periastron passages of SMBH binaries or from SMBH mergers.
Cosmic strings also produce low-frequency CWs and bursts. For CWs, we will model the eccentricity and
frequency evolution and integrate these techniques into the parallelized code described above. We will ap-
ply this code to all-sky searches and searches of published SMBH candidates from EM observations. We will
study possible EM counterparts to provide input template parameters in targeted CW or burst searches. EM
observations may also permit host identification in the event of a blind GW detection via pulsar timing.

As our sensitivity improves we are likely to see several individual sources that stand out from the SB. A
combined CW and SB search will enable full characterization of the GW signal from SMBHs. The num-
ber of pulsars and the large parameter space will require the development of analytic approximations and
integration of the code into the parallelized likelihood-evaluation system described above.

Tests of our pipelines and mock data challenges: We will develop pulsar-timing simulation software that
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Under the assumption of a GW dominated merger the amplitude of the stochastic 
GW background is a power law of the form:

hc(f) = Agw

✓
f

yr�1

◆�2/3

Several models make different predictions for the range of the dimensionless 
amplitude making different assumptions about the galaxy merger rate and host-
galaxy black hole relations. 
!
Using both non-informative and astrophysical priors, our upper limits are in tension 
with some astrophysical models and are beginning to rule out significant areas of 
parameter space for others. Furthermore we place significantly more constraining 
upper limits with the 9-year data release as opposed to the 5-year release.

Power law (dashed black) and spectral (solid black) 
upper limits using uniform priors on the strain 
amplitude. Also plotted in red, blue and green are the 
one-sigma confidence regions for different predictions 
of the GW strain spectrum.

Posterior distribution for GW amplitude for 
different priors (green) for both the 9 (blue) and 5 
(red) year data releases. It is shown that the 9-
year data release is s igni f icant ly more 
constraining than the 5-year set.

Broken power-law upper limits:
For the SMBHB to merge in a Hubble time, stronger driving mechanisms must dominate 
the evolution of the binary at large orbital separations (i.e low frequencies); however, it is 
unknown where the system will transition from environmentally driven to GW driven. If we 
assume that this transition region is in our frequency band then the GW strain spectrum is:
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hc(f) = Agw
(f/yr�1)�2/3

(1 + (fbend/f))
1/2

Using this more flexible model we can determine whether or not our data is consistent with 
a power-law and where a possible transition from environmental to GW driven takes place. 
Using optimistic models for the strength of the GWB in the GW dominated regime, we find 
that out data strongly prefers a model with a turnover in the spectrum, whereas more 
conservative models are still consistent with a power-law.

Posterior pdf of the GWB strain spectrum for two different models of the GWB amplitude in the 
GW driven regime. The thick solid black lines are the 95% confidence region and median of the 
broken power-law GWB strain spectrum, respectively. The dashed line is the pure-power-law 
upper limit assuming an amplitude prior predicted by the model. The dotted lines are the 
predicted mean spectrum for different eccentric populations from 0 to 0.9 (top to bottom). The 
pdf in the left panel indicates that this more optimistic model is only consistent with our data if a 
large fraction of binaries have large eccentricities (> 0.9) or the binaries are still tightly coupled to 
their environments.

Astrophysical Interpretation:
Using the above constraints with the broken power law model we can map our constraints 
on the decoupling frequency to physical parameters assuming a specific environmental 
driving mechanism such as stellar hardening. The most interesting and most unconstrained 
(especially at large redshifts) is the stellar density of the galaxy. However this mechanism is 
also sensitive to the relationship between the mass of the binary and the stellar velocity 
dispersion, this is known as the M-sigma relation
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We use the broken power law limits to place a 95% lower limit on the stellar density as a 
function of the parameters of the M-sigma relation. We find that for both the optimistic and 
conservative models, the lower limit on the stellar density is quite robust to changes in the 
M-sigma relation.

95% lower limits on the stellar density as a function of the M-sigma parameters. The left and 
right panels represent the optimistic and conservative signal models. The more optimistic signal 
model predicts a lower limit on the stellar density that is nearly 3 orders of magnitude larger than 
the more conservative signal model. This limit is in tension with observations at z=0 which 
predict that the stellar density is on the order of 10 solar masses per cubic parsec. However, the 
SMBHBs contributing to the stochastic background are at larger redshifts (i.e. z=0.5-2) where 
the stellar density is not measured. Nonetheless, this limit shows that stellar hardening must be 
very efficient if this optimistic model is true.

* This work was carried out on behalf of the NANOGrav collaboration
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