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Outline

Big picture overview of GWs from Supermassive
Black Hole binaries

Current predictions of GW background
Environmental effects

Search and upper limit results from NANOGrav 9-
vear data

Inference of astrophysical parameters
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Sources of GWs: SMBHBs

of %BCG 0.8
: t min —— 1
o[ type \
R l o6
5T |
O A ‘
- B ‘ L |04
o [ S
£ sf ©
- C Iy 2 o2 !
] Y — A A <
Q - _ | L 'S
s 81 &y \ 2 2
el - | A A 0.0
= - T | A 4
o L il 4 | 2 “ £ | <
L 10 | 8alg w & 2 \ \
L & g4 g&‘u | | § 3 I
C sAe 2| i ARG Rle ‘ 'g‘ ‘\‘
818 R A ‘ VT L |||& R |4
128 \Awéﬁ%ﬁ A ‘ | 00 HHTIN H i ‘
: "“W”‘H‘U‘\ ‘M \‘i“‘\éﬁ%‘ \H \H U H H “ ‘\ ‘\ “ ‘?\i\m ““1‘ \\HM \‘i i I ““i“ “ H i h“ M H ‘ ‘ | | ﬁn \‘ -0.4

» 10" h'M, O 10" h"M Om'? h™'Me De I_UCIa et al 2006

% Stars/Early-type BCG * Stars/Early-type BCG N4889
X Stars/Early-type non-BCG * Stars/Early-type non-BCG
1 X Stars/Late-type N3842
07 ® Gas/Early-type BCG ® Gas/Early-type BCG M87 E
® Gas/Early-type non-BCG ® Gas/Early-type non-BCG N1ss
® Gas/Late-type 2*1 A1836
: mascrs;far\yrtypc N1332 1C1459) | “neoss
asers/Late-type
P! N5077. 3565
0l | 3998 N3115 N7768
N1374 st‘ N4374
T + N1374 4251 1
=~ N3608' N5845 N337 N35°5 1399
= N3377 g N7052
j=l M31 - X stss
= ﬁ ? + N4697 -
3 P N4026 N3_?17 tw’s.sm "husle
= 108 } N4596 L, F 1-"n44a73] Ine21 4
N4§73
N N4459
N4258 N539 "IN7582 %5125 N
e N2T8 N1023 N1023
/N3227
N4ageAl .17 nosag L Jhasas |
, Y3789 & N2960 3 3384 E
107 F N4388 L1 ] N6323 E N4486A
N3489 - Mo4N3368 IN2273
M32 L LECI T
g W ¥ M E
> e * McConne a
oo -
A M64 | .- ] —
106 L I L L L 3 L L L
60 80 100 200 300 400 10° 1010 101!

o (km/s) Ly (Loy)

..®.

Vononteri, Hardt & Madau, 2003

%’5*4« S LIGO

s . N

20 e e s 'GG ...... 7 SN Beeeinnees Aoagdoa.n. -
s : : : '6/,,4/”’%} : &

L : : : OF : :
() . 22 e S S i_‘.e_L_l_S,A_/.l_\!F_-‘?Q ____________ - ‘g“ ”/Ad"a“ced
: : ': : _ -: H‘B}-{'{md’v L[GO

] L i 1 | 1 | L i 1 l Il | 1 |

(e0) (&) -10 -8 -6 -4 2 0 2 4
Frequency, logi1o(Hz)
(DO©® o o O®

Characteristic strain, logig(h¢)




normalized distribution
(@) —
(@) —_ (@)

@)
T

Expected level of SMHB
Stochastic Background

Sesana et al, (2012) Ravi et al. (2014)
i I I I I I ! I I I I I I d. I I I I b I I 'I ”,4[»,,” TTTTT T I\I T IIIII T T j T I’IIII T I: T Iclilaill T T 1T III_
for 10 yrﬁ previous experiments b = S dt stars -
\ 7 = 7\ é — . \\ E(da) 1/25
= "_.' o _':.:_:..“" - N N ' E X a 4
- - o VoS TR : gas :
- NG o
5w B N\ dt .
o 9@ r N gw ]
- o 't A ]
© . 5
& f
= ,
= T
,,,,,,,,,, © ™
[ | ] I N | I I 20 Y © > ™
_16 _15.5 _15 _14.5 _14 IO __IIIIII I IIIIII ;I I IIIX_-
A ~ 10710 1079 1078 107" 1078

Frequency (Hz)

1-sigma bounds on amplitude are
B _ Large uncertainty in signal amplitude at low
16 15
0.6 x 10 <A<2x10 frequencies due to very poorly understood
with a mean of (A4) =1 x 107" binary-environment interactions.

Bottom Line: Predictions of the SMBHB stochastic background amplitude based
on observations and more reliable models are larger than previously thought, but
there could be some depletion of the signal at low frequencies due to
coupling with physical mechanisms that solve the final parsec problem.
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SMBH Environmental Effects
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Orbital Eccentricity

stellar scattering or circumbinary disk interaction can maintain
or even increase eccentricity
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Arb.

GW Search Results
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“Classic” Results
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e Factor of ~5 improvement of 5-year dataset.
e Can update astrophysical prior based on Sesana (2013) and McWilliams et al (2014).
e McWilliams and Sesana models only 0.8% and 20% consistent with data



Astrophysical Inference
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¢ \/ery large parameter space with many degeneracies
e Take a piecewise approach where each effect is investigated separately
e Parameters of interest: stellar density, mass accretion rate, initial eccentricity

e Cannot provide gquantitative limits but can provide qualitative constraints that
give us clues about the dynamic properties of SMBHBs
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Black hole-host constraints
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e Map Agw — (a,B,€) by simulating GWB amplitude given values of («, 8, €)
and given galaxy stellar mass functions and galaxy merger rates.

e Under assumption of GW driven (power-law) dynamics, we find that our
upper limit is inconsistent with the Kormendy & Ho (2013) and in tension with
the McConnel & Ma (2013) M - M_bulge relations
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Parameterization of a
‘generic” SGWB

e Physics that drives binary to small orbital separations becomes very important in
our most sensitive frequency band (f~10 nHz)

« Can be simply parameterized by: he(f) =

B =22.2
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Jrurn [HZ]

Prob.

Stellar Hardening Constraints
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Circumbinary Disk Interaction
Constraints
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Srurn [HZ]

Orbital Eccentricity
Constraints
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Conclusions

“Classic” power law upper limits most constraining to date

For the first time, our data can inform us on the shape of the GWB
spectrum

For the first time, our data can be used to place constraints on
stellar hardening and circumbinary disk interaction parameters that
play a critical role in solving the final parsec problem

Can still do important astrophysics even without a direct detection!
All of these limits and astrophysical inferences will be more

constraining with upcoming International Pulsar Timing Array (IPTA)
data.
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