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Model for GW Background	
•  Background is Built Up From Quadrature Sum Of 


Binaries: 
•  Analytic Expression gives rise to simple Power Law, assuming circular 


binaries with gravitational radiation dominating orbital evolution. 
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ABSTRACT
Pulsar Timing Arrays are currently setting upper limits that carve into the predicted grav-
itational wave background strain spectra from binary supermassive black holes. But as the
upper limits get better, what are they really ruling out? In this paper, we investigate which
astrophysical parameters have the largest impact on strain spectrum predictions and provide a
simple framework to directly translate between measured values for the parameters of galaxy
evolution, and PTA limits on the gravitational wave background of binary supermassive black
holes. (!!!Some comments here about how influential the m-mbulge relation is!!!). Using this
framework with the best published PTA limit, we find that (!!!give numerical results on e.g.
stalling limit etc. if appropriate!!!) (!!! NOTE ABOUT CODE RELEASE, maybe in a sepa-
rate paragraph!!!! !!!)


1 INTRODUCTION


Pulsar timing arrays (PTAs) are beginning to place meaningful
constraints on the gravitational wave background (GWB) in the
nanoHz-µHz gravitational wave band. In particular, recent upper
limits have cut into the range of predicted strengths of the GWB
from supermassive black hole (SMBH) binaries (Demorest et al.
2013; Shannon et al. 2013; Lentati et al. 2015).


For SMBH binaries, the characteristic strain spectrum, hc(f),
is the quadrature sum of individual sources emitting in a certain fre-
quency band. Previous efforts to predict hc(f) have demonstrated
the distribution of hc amplitudes and spectra based on various
combinations of simulated and observed components of cosmo-
logical galaxy evolution. While originally GWB predictions were
made using primarily semi-analytical dark matter halo simulations
(e. g. Jaffe & Backer 2003; Wyithe & Loeb 2003), in recent years
it has been recognized that the dominant source of emission in the
PTA waveband is the local z . 2 binary population (Sesana et al.
2008), and that in fact a number of the parameters that make up the
astrophysical GWB are well-constrained by observation. Thus, the
focus has turned toward modeling the GWB based on local observ-
ables, and has gone further to attempt to understand the effects that
inefficient or super-efficient SMBH inspiral might have on hc(f)
(Sesana 2013; Ravi et al. 2014; McWilliams et al. 2014; Sampson
et al. 2015).


In this work, we aim to provide an easily-accessible “transla-
tion” of GW strain directly to the parameters contributing to the
largest uncertainties in the GWB spectrum, under the simplify-
ing scenarios of 1) circular SMBH binaries, and 2) efficient post-
merger inspiral of the SMBHs (i. e. a power-law GWB). §2 lays
out the mathematical preliminaries of galaxy evolution parameters
that contribute to the strain spectrum, which provide the basis for
our construction of the astrophysical GWB. §3 describes the state-
of-the-art observational constraints on these parameters from the
literature that we use here. Finally, §4 presents a mapping between
the strain amplitude and two observables most affecting the predic-
tion of power-law GWBs: the black hole - host galaxy relation, and


the galaxy merger rate. Finally, §5 presents an example use-case for
the results of this paper.


2 MODEL OF PTA STRAIN SPECTRUM


Throughout this work, we assume that GW radiation dominates
throughout the entire PTA frequency band, and that the binary is
in an adiabatically shrinking circular orbit. The polarization and
sky-averaged strain of one such system is
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1/5 is the chirp mass of the
binary, fr is the frequency of the GWs emitted in the rest frame
of the binary, Dc is the proper (co-moving) distance to the binary
(e. g. Peters & Mathews 1963). The orbit of such a system changes
due to the emission of gravitational radiation at a rate
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As in Sesana et al. (2008), we construct the characteristic
strain spectrum for binary SMBHs as


h2
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h2
s dz dM dq , (3)


where d4N is the number of binaries in a given redshift range dz,
mass range dM , mass ratio range dq, and emitting in a given fre-
quency range d(lnfr), and h2


s is the polarization and sky-averaged
strain from each binary in that range (Eq. 1). The contents of the
triple integral encapsulate the total number of binaries in a given
frequency interval which, due to the constraints of human life-
time and measurement capabilities, are typically predicted based
on the evolutionary properties of the galaxies that host the relevant
SMBHs:
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logM• = ↵+ � log


✓
Mbulge


10


11 M�


◆


d4N
dzdMdqdlnfr


=


d3n
dzdMdq


dVc
dz


dz
dtr


dtr
dlnfr


d4N


dz dM dq d(lnf)
=


d3n


dz dM dq


dVc


dz


dz


dt


dt


d(lnf)


d3n
dzdMdq = �(z,M)R(z,M, q)


R(z,M, q) = fpair(z)
⌧(z,M,q)


f
pair


= A(1 + z)m


d3n is calculated via the method in Sesana 2012.


1







Model for GW Background	
•  Background is Built Up From Quadrature Sum Of 


Binaries: 
•  Analytic Expression gives rise to simple Power Law, assuming circular 


binaries with gravitational radiation dominating orbital evolution. 


•  Cannot Observe Black Hole Merger Rate 
•  Use Galaxy Merger Rate Density As Proxy 
•  Populate Galaxies With Co-Evolving Black Holes 
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•  Model Gives 
Prediction on Ayr 


 


•  Parameter Of 
Greatest Impact is 
Black Hole – Host 
Galaxy Relation 
•  Sets Mean Value of Ayr 


distribution 


 


Model for GW Background: 


Predictions For Strain Amplitude	


J. Simon & S. Burke-Spolaor (2016)	
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Translating GWB Limits and Astrophysical Parameters: 


Using PTA Upper Limits Directly	
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•  Change in β has 
negligible 
contribution to Ayr 


•  α is largest 
factor, with α-ε 
space having 
biggest impact 
on predictions 
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•  Calculate  
95% upper limit  
on α-ε. 


Translating GWB Limits and Astrophysical Parameters: 


Using PTA Upper Limits Directly	
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o  Basic Model Assumption:  
Galaxy Merger occurs at same 
cosmological time as binary 
SMBH enters PTA band 


o  Relax Assumption:  
Introduce variable, Tstall, to 
allow time offset 


Translating GWB Limits and Astrophysical Parameters: 


Binary Stalling	


Image Credit: J. Cordes, D. Madison, S. Burke-Spolaor	







Translating GWB Limits and Astrophysical Parameters: 


Binary Stalling	
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•  95% Lower Limit on Tstall: 
o  2.3 Gyr with Kormendy&Ho 2013 [solid curve] 
o  1.2 Gyr with McConnel&Ma 2013 [dashed curve] 







Model for GW Background: 
Can We Improve MBH Accuracy?	


•  Current SAM Models - Galaxy Stellar Mass Functions 
o  Observed GSMF is split by morphology 
o  Assume some fraction of mass is in bulge, again split by morphology 
o  Calculate MBH from Mbulge 







Model for GW Background: 
Can We Improve MBH Accuracy?	


•  Current SAM Models - Galaxy Stellar Mass Functions 
o  Observed GSMF is split by morphology 
o  Assume some fraction of mass is in bulge, again split by morphology 
o  Calculate MBH from Mbulge 


•  Many Studies show σ to be better tuned to MBH 
Can we use that? 


•  Velocity Dispersion Function [e.g. Bezanson+12] 
o  No intermediate step to get from Mgalaxy to MBH 


o  Less Intrinsic Scatter in MBH – σ relation than in MBH - MBulge 


 







Model for GW Background: 
Use Velocity Dispersion Function	


•  Overall Level of GWB is the same, but underlying 
distribution of binary SMBHs is different. 


•  VDF gives rise to 
larger single 
sources at lower 
frequencies 


•  Implications for 
individually 
resolvable 
sources and 
anisotropy  J. Simon, in prep	







Summary	
•  PTA Upper Limits are currently informing Astrophysics 


discussions through out the community! 


•  PTA Limits can be used to directly inform individual 
parameters 
o  Be Careful not to over interpret, as effects of many parameters are 


degenerate 


•  Uncertainties in BH-Host Galaxy Relation have a 
Major Impact on GWB models for PTAs 
o  Different approaches to calculating MBH give rise to various population 


demographics in the background 


 











6 7 8 9 10 11 12
0.00


0.05


0.10


0.15


0.20


0.25
VDF
GSMF







How Can We Learn More About 
Binary SMBH Environments?	


•  Use Expected Electromagnetic Signatures 







Observing Individual Sources	


•  Dual AGN: 
Observable 
primarily at lower 
frequencies,  
when binary is 
entering PTA  
frequency band 


•  Individually 
resolvable source 
in both EM and 
GW is not likely 


 J. Simon & S. Burke-Spolaor, in prep	






