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Abstract: <span>Pulsar timing arrays (PTAs), which are currently operating around the world and achieving remarkable sensitivities
~1--4€+100 nHz band, will observe supermassive black holes (SMBHSs) at redshifts z < ~1. Until now, all estimates of the anticipated signal s
of these sources have relied primarily on simulations to predict the relevant merger rates. | will present results from a completely new ap
which combines observational data and a fully self--&€sconsistent numerical evolution of the galaxy mass function. This method, which w
argue is superior to past estimates in several key ways, predicts a merger rate for massive galaxies that is ~10 times larger than that i
previous calculations. | will explain why previous methods applied to this problem may systematically underestimate this merger rate, and ol
in which our method may overestimate the rate, so that our approach has complementary systematic uncertainties in the worst case, and is «
improvement in the best case. Finally, | will show that the new rate implies a range of possible signal strengths that is already in mild tensic
PTA observations, with our model predicting a detection at the 95% confidence level as early as 2016. This could make PTAs the first instr
to directly detect gravitational waves, and will provide unprecedented information about the dynamics of merging galaxies, and merging bulg
supermassive black holes within those galaxies.</span>
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Overview

* The status of EM observations of “local” (redshift
z < 1) galaxies, implications for gravitational waves
(GWs) seen by pulsar timing arrays (PTASs)

July 11, 2013 Sean T. McWilliams Cosmological Frontiers @ PI

Pirsa: 13070027 Page 4/45



Overview

The status of EM observations of “local” (redshift
z < 1) galaxies, implications for gravitational waves
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A novel (better?) model for the merger history of
supermassive black holes since z = 1

Implications for gravitational waves in the PTA (and
LISA?) band from mergers at z< 1
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theoretical estimates and observations, and why
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z < 1) galaxies, implications for gravitational waves
(GWs) seen by pulsar timing arrays (PTASs)

A novel (better?) model for the merger history of
supermassive black holes since z = 1

Implications for gravitational waves in the PTA (and
LISA?) band from mergers at z< 1

To what extent is our result in tension with other
theoretical estimates and observations, and why

Signatures for unmerged satellites (EM, not GW)
Prospects for GW detection in the near future

July 11, 2013 Sean T. McWilliams Cosmological Frontiers @ PI

irsa: 13070027 Page 6/45



MBHBs with PTAs

* Current PTAs time ~20 pulsars, search
for correlated changes in pulse arrival
times due to GWs
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MBHBs with PTAs

Current PTAs time ~20 pulsars, search
for correlated changes in pulse arrival
times due to GWs

PTAs are sensitive to SMBHB mergers
BUCE< 28 ~1
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MBHBs with PTAs

Current PTAs time ~20 pulsars, search
for correlated changes in pulse arrival
times due to GWs

PTAs are sensitive to SMBHB mergers
at0<z<~1

Galaxies evolve due to mergers, star

formation, and mass loss, all were
thought to stop at low z — “red and dead”

Recent observations question this for
Brightest Cluster Galaxies (BCGs) and
other very massive ellipticals
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MBHBs with PTAs

Current PTAs time ~20 pulsars, search
for correlated changes in pulse arrival
times due to GWs

PTAs are sensitive to SMBHB mergers
gt i< 2. & ~1
Galaxies evolve due to mergers, star

formation, and mass loss, all were
thought to stop at low z — “red and dead”

Recent observations question this for
Brightest Cluster Galaxies (BCGs) and
other very massive ellipticals

We show that the observed evolution of

massive galaxies can be matched
assuming only mergers drive evolution.
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Constructing the “Binary” Function o®

* Number density of galaxies vs. mass is well-described by the Schechter
function at z > 1, and for most galaxies at z < 1
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Constructing the “Binary” Function *®

Number density of galaxies vs. mass is well-described by the Schechter
function at z > 1, and for most galaxies at z < 1

However, at z < 1, very massive galaxies deviate, appear to double there
mass in 0 < z < 1 despite being red and dead:
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BCGs grow by comparable mass (~4:1) mergers based on observations.
Our simple merger-only model bears this out and matches observations.
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BCGs grow by comparable mass (~4:1) mergers based on observations.
Our simple merger-only model bears this out and matches observations.
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Gravitational wave signature

dM,dMsdz df
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Gravitational wave signature

dM,dMsdz df
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Constructing the “Binary” Function o®

Number density of galaxies vs. mass is well-described by the Schechter
function at z > 1, and for most galaxies at z < 1

However, at z < 1, very massive galaxies deviate, appear to double there
mass in 0 < z < 1 despite being red and dead:
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Constructing the “Binary” Function °o®

Number density of galaxies vs. mass is well-described by the Schechter
function at z > 1, and for most galaxies at z < 1

However, at z < 1, very massive galaxies deviate, appear to double there
mass in 0 < z < 1 despite being red and dead:
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BCGs grow by comparable mass (~4:1) mergers based on observations.
Our simple merger-only model bears this out and matches observations.
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Gravitational wave signature
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Gravitational wave signature
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Gravitational wave signature
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Gravitational wave signature
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Theoretical estimates vs. observations %

-8.5 ' -6.5

“‘STM": STM, Ostriker, and Pretorius, http://arxiv.org/abs/1211.5377
“Sesana”: Sesana, http://arxiv.org/abs/1211.5375
“‘PPTA": Talk at Aspen by Ryan Shannon, no paper yet
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(|
” Why do we differ with Sesana? Part | °®

« We assume mergers dominate galaxy evolution for z < 1,
evolve the mass function numerically.

« Sesana combines the observed mass function and pair fraction,
doesn't evolve.
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Sesana combines the observed mass function and pair fraction,
doesn't evolve.

If you try to evolve the Sesana mass function using the Sesana
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Sesana requires that a) galaxies only grow by < 50% through
mergers since z = 1 and b) star formation is not negligible for
PTA SMBHBs since z = 1

Suly 11, 2013 Sean T. McWilliams Cosmological Fron

Pirsa: 13070027 Page 25/45



[
”~ Why do we differ with Sesana? Part | °®

We assume mergers dominate galaxy evolution for z < 1,
evolve the mass function numerically.

Sesana combines the observed mass function and pair fraction,
doesn't evolve.

If you try to evolve the Sesana mass function using the Sesana
merger rate, it isn’t self-consistent.

Sesana requires that a) galaxies only grow by < 50% through
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Less massive galaxies are not merger-driven, where the
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” Why do we differ with Sesana? Part | °®

We assume mergers dominate galaxy evolution for z < 1,
evolve the mass function numerically.

Sesana combines the observed mass function and pair fraction,
doesn't evolve.

If you try to evolve the Sesana mass function using the Sesana
merger rate, it isn’t self-consistent.

Sesana requires that a) galaxies only grow by < 50% through
mergers since z = 1 and b) star formation is not negligible for
PTA SMBHBs since z = 1

Less massive galaxies are not merger-driven, where the
transition occurs isn’t fully understood.

If it occurs at high enough mass, then we will overestimate
signal.
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(|
~ Why do we differ with Sesana? Part Il o®

« The mass density of black holes isn’t well constrained.

« We use a value of 6 x 10° = 10%, consistent with Hopkins 2007
(blue points) if corrected by recent McConnell and Ma 2012
Mg-M,..« relation for very massive ellipticals

. redshift
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(|
~ Why do we differ with Sesana? Part Il °®

« The mass density of black holes isn’t well constrained.

« We use a value of 6 x 10° £ 10%, consistent with Hopkins 2007
(blue points) if corrected by recent McConnell and Ma 2012
Mgy-M,. relation for very massive ellipticals

« Sesana uses the full range between black lines, as low as 2 x

10°, can explain a large fraction of our differences.
[ T T T T [ T T T T l T T

redshift
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Pirsa: 13070027 Page 29/45



Pirsa: 13070027

(=
A Why do we differ with everyone else? Part| ¢

Galaxy merger rate differences

* Pre-2010 papers favored ~30-40% mass growth for BCGs at z
< 1 (though still without star formation).

* More recent observations suggest mass doubling since z = 1.
Black hole binary merger rate differences

» All other estimates except Sesana 2013 use the Millennium
simulation - N-body with semi-analytic inclusion of some
baryonic physics, but not mass.

« Baryonic mass can make a HUGE difference:

R{(f DM +baryons 4

B
df .DM baryons
= o« |]+
Rdf DM rdf DM +baryons Ml' M
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Galaxy merger rate differences

* Pre-2010 papers favored ~30-40% mass growth for BCGs at z
< 1 (though still without star formation).

* More recent observations suggest mass doubling since z = 1.
Black hole binary merger rate differences

» All other estimates except Sesana 2013 use the Millennium
simulation - N-body with semi-analytic inclusion of some
baryonic physics, but not mass.

« Baryonic mass can make a HUGE difference:
B
R{(f.[)M +baryons ft-!'/'J)M ( Mhm'l\‘nn‘\' )
= |1+

Rdf.DM rc{f'.l)M +baryons DM
= . B
] If B — 9 (NFW) and Mbaryons MDM . df ,.DM +baryons ! SOO (!)

(U,IJAI
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A Why do we differ with everyone else? Part |b ¢*®

I.I.l

NGC 2855
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* Baryonic mass can make a HUGE difference:

p
R({f DM +baryons r{(f'.DM M baryons
= o< Nt ————

Rdf DM tq’f DM +baryons

DM

R

« IfB=9 (NFW)and M,,. .. ~ My,

df .DM +baryons
aryons R =~ 500 (')

df .DM
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A Why do we differ with everyone else? Part |l ¢

« Baryons can make a difference, but our whole prescription for
dynamical friction is different.

Past estlmates used a mass- mdependent tdf

us i||. well-known expression for the dynamical frictio mn
timescale (Chandras ||||1 1943; Tremaine et al, 197!

in a convenient form (Eq. 8.12 in Binney & Tremaine
198T))

19G v f R, Y o(R,) 10°M
In(1 4+ M2/M2) ( Skpe ) 200km/s M

1.5G vh P :
e ( $ ) (14+2)7%%, (12)
q(6.9 = Ing) \ 10°M

DI

where R, is the half-light radius of the host galaxy and
o is the local velocity dispersion, for which we use

1,44
and

M, \"* ”
a(R.)=190km -~(|”‘\'I | (1+2)°4,  (13)

where the mass-dependence comes from fits to Sloan Dig
ital Sky Survey (SDSS) data (Nipoti et al. 2009), and the
redshift dependence comes from fits to simulation results
which were shown to be consistent with various surveys
in Oser et al, (2010) within the redshift range we con

sider
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Volonteri, Haardt, and Madau,

ApJ 582 559 (2003)
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(= |
A Why do we differ from f-#3 at low frequencies?e®

* Nontrivial behavior at low frequencies depends on solution to the “last
parsec problem”

« We assume stellar scattering, very efficient, yields
MIIM: ) ()..5( M:‘—l—M: )0.2
2

= 9 07'9 7 ~ )
[ 7 el ((IOSM@) 2 x 108 M,

N
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A Why do we differ from f-?3 at low frequencies?¢*®

Nontrivial behavior at low frequencies depends on solution to the “last
parsec problem”

We assume stellar scattering, very efficient, yields

Mth 0.3 Mh +MS 0.2
= ¢ ] 0—79 7 El L[] ‘e .
fom = 2751082 (1) (5 oonas )

Others assume either £, < 1/T_,¢*, or include gas drag — gas drag
ALSO de_%etes power at f < yr -’

i
(
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P When will we be in tension with PTAs? o®

* |t depends...

* Nontrivial behavior at low frequencies (depends on
solution to the “last parsec problem”) - unclear how to
translate our model to a bound, but it may only improve as

1/2 \
Tobs
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