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Did LIGO Detect Dark Matter?

Simeon Bird, llias Cholis, Julian B. Mufioz, Yacine Ali-Haimoud, Marc Kamionkowski, Ely D. Kovetz, Alvise
Raccanelli, and Adam G. Riess
Phys. Rev. Lett. 116, 201301 — Published 19 May 2016

Ph}f’;ErTES See Synopsis: Gravitational Waves May Hold Dark Matter Secret

Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars
- L]

- - @
-
. L

Updatec 02
LIGO-Virgo | Frank Elavs Geller | Northwestern
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arXiv:2105.03349

Quantifying the evidence for primordial black holes
in LIGO/Virgo gravitational-wave data

Gabriele Franciolini,!'* Vishal Baibhav,? Valerio De Luca,"® Ken K. Y. Ng,*?°
Kaze W. K. Wong,? Emanuele Berti,? Paolo Pani,®® Antonio Riotto,! and Salvatore Vitale®

analyses to population studies. We perform a hierarchical Bayesian analysis on the GWTC-2 catalog
by combining several astrophysical formation models with a population of primordial black holes. We
compute the Bayesian evidence for a primordial population compared to the null hypothesis, and the
inferred fraction of primordial black holes in the data. We find that these quantities depend on the set
of assumed astrophysical models: the evidence for primordial black holes against an astrophvsical-only
multichannel model is decisively favored in some scenarios, but it is significantly reduced in the
presence of a dominant stable-mass-transfer isolated formation channel. The primordial channel can
explain mergers in the upper mass gap such as GW 190521, but (depending on the astrophysical
channels we consider) a significant fraction of the events could be of primordial origin even if we
neglected GW190521. The tantalizing possibility that LIGO/Virgo may have already detected
black holes formed after inflation should be verified by reducing uncertainties in astrophysical and
primordial formation models, and it may ultimately be confirmed by third-generation interferometers.

LIGO/VIRGOERAAZH kB XA IR, BERAgEB I ARV E
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(0.3025:52, 0.024:30)

arXiv:2105.03349
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Find the twins: Evidence for a population of coalescing binary black holes with nearly
equal-mass components

Yin-Jie Li,’»?>* Yuan-Zhu Wang,!** Shao-Peng Tang,*? Qiang Yuan,'? Yi-Zhong Fan,"*> T and Da-Ming Weil!:?
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Uncorrelated noise (white noise): instrumental, pulsar
template or profile

Correlated noise (red noise): spin noise, dispersion measure
variation noise

-

AZ f —~ %k . ii AHDN] f B 1| Vi B Vi e
S spin = 2 ] St = 2 - T
S spin(/) 1272 (}’r—l) . om/) 1274 \yr! - Vref Vief

Solar system ephemeris noise: perturbation due to Jupiter,
Saturn, Uranus, Neptune ...

Additional noise term due to specific cases, such as plasma
cloud in the line-of-sight

13



RAERESW

Parameter Prior Description
White noise (i w)

EFAC U[0.01, 10] one per backend
EQUAD log-U[-10, —4] one per backend
Spin noise (i sp)

Agn log-U[-21, -9] one per pulsar
VSN U0, 71 one per pulsar
DM noise (¥pn)

ApMm log-U[-21, -9] one per pulsar
YDM ulo, 7] one per pulsar
Band noise (igN)

ARN log-U[-21, =9] one per band
VBN ulo, 7] one per band
SSE noise (BayesEphem parameters, i ggp)
o U[-10~7, 10" rad yr=!  one per PTA
AMjypiter N(0, 1.5 x 10~ M, one per PTA
AM gaturn N(0, 8.2 x 10~1%)M, one per PTA
AM yranus N(, 5.7 x 1071HM, one per PTA
AM pentune N(0, 7.9 x 10~ M, one per PTA
PCA;"® U[-0.05, 0.05] six per PTA
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THE ASTROPHYSICAL JOURNAL LETTERS, 905:L34 (18pp), 2020 December 20

© 2020. The American Astronomical Society. All rights reserved.
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CrossMark
The NANOGrav 12.5 yr Data Set: Search for an Isotropic Stochastic Gravitational-wave
Background
Zaven Arzoumanianl, Paul T. Baker” | , Harsha Blumer>* , Bence Be’csyS , Adam Brazier®’ ), Paul R. Brook™*
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© 2021. The American Astronomical Society. All rights reserved.

CrossMark

On the Evidence for a Common-spectrum Process in the Search for the Nanohertz
Gravitational-wave Background with the Parkes Pulsar Timing Array

Boris Goncharov' @, R. M. Shannon'~®, D. J. Reardon'~ @, G. Hobbs", A. Zic*” ®, M. Bailes' @, M. Curyto®, S. Dai*’ @,

Mars
\[[lll

log,y A

Saturn
]H'r“’
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Frequency [Hg|

» A similar common power-law excess was shown by PPTA data
» No strong evidence to support or against the HD correlation

» Possible caveat of “common” nature: may not be truly common
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Monthly Notices

MMRAS S08, 49704993 (2021) https:doi.org!10. 1094 mnms/stab2 833

Common-red-signal analysis with 24-yr high-precision timing of the
European Pulsar Timing Array: inferences in the stochastic
gravitational-wave background search

S.Chen ©.12* R. N. Caballero © ** Y. J. Guo.* A. Chalumeau,">* K. Liu.* G. Shaifullah © 87
K. J. Lee** S. Babak,*? G. Desvignes ®,*!% A. Parthasarathy © * H. Hu“ * E. van der Wateren,'""?

Monthly Notices

MNEAS (M), 1 {2021) hittps:fdoiorg/ 10,1093 /mnras /stab 341 8

The International Pulsar Timing Array second data release: Search for an
isotropic gravitational wave background

J. Antoniadis,"** Z. Arzoumanian,* S. Babak,>® M. Euille._‘.'.._"'K A -8, Bak Nielsen !3119 P T._ Baker,'"

» Confirmed by EPTA and IPTA analyses
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» Again, NO strong evidence to support or against HD correlation
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Xia et al., with PPTA collaboration,
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GRAVITATIONAL WAVES

A gamma-ray pulsar timing array constrains the
nanohertz gravitational wave background

The Fermi-LAT Collaboration*+

After large galaxies merge, their central supermassive black holes are expected to form binary
systems. Their orbital motion should generate a gravitational wave background (GWB) at nanohertz
frequencies. Searches for this background use pulsar timing arrays, which perform long-term monitoring
of millisecond pulsars at radio wavelengths. We used 12.5 years of Fermi Large Area Telescope data
to form a gamma-ray pulsar timing array. Results from 35 bright gamma-ray pulsars place a 95%

MILLISEC 1 : : & credible limit on the GWB characteristic strain of 1.0 x 107 at a frequency of 1 year™. The sensitivity

25
Y Fermi-LAT 2021

International Pulsar Timing Array (IPTA) \
# European Pulsar Timing Array (EPTA)

2.0 North American Nanohertz Observatory
for Gravitational Waves (NANOGrav)

Parkes Pulsar Timing Array (PPTA)
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IR R BTN E R MPBH

Yoo et al., 2004, ApJ, 601, 311
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Tian et al., 2020, ApJS, 246, 4
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p of MACHOs(pp)

TR R BE EE XU Z R M PBH

Sun et al., in prep.

34.0

30.4

26.8

- 232

- 19.6

- 16.0

12.4

8.8

5.2

1:6

Mass of MACHOSs(M)

26



L FF R IR PRSI R

'fﬁ'%?’%f 53 (MACHOSs):

T 77, 2| HiEE. 2K
XG4 R &

10~2%eV keV MeV GeV TeV Mg =~ 10°GeV

——

1072V |
i

|

BRI T . KT
AL BESAET. .. )
HARAESCIE . SRR

N—

) B Y SRR IR M AR Bk

HE

SS{ERERLT (WIMPs): Hi%
PR [B)FEEERM . XHHEALERN
(BRS¢ BEFR. EEF

FZ DAY EE)
i, RISCUUNE Z R R
R EIEREZRER

IR IR IR N =

27



T PR

ELECTRON MUON TAL STERILE 1
NEUTRIND NEUTRINOG NEUTRINO NEUTRINO o
== Vo = Uaivi
- i=1
\ Vﬁ)’- :
— 3 4 ’ .
MASS < 1electronvolt >1 electronvolt i=1 g4
FORCES THEY Weak force Gravity
RESPOND TO Gravity
Dayabay (2016)
1.1 EH2 ——Data [ |Unc. of 3v prediction _I: Nz_,. g i . ' .
T ] W % E
LE g o - 1 . ,t-- """"" == -
= B ' ] I ]
Y— = - -
o [ =
2, gi ------ Amg, = 4x10° eV? v Amj, = 4x107 eV? + E 102} =
e VL sin’26,, = 0.05 assumed - 5 =
=3 : : r : : : : i :
14 EH3 4+ i -
E + . Jf _l_ Lot 10°| —- Daya Bay 95% C.L. e
% i ¥ D -#J TLIE F — Daya Bay 95% CL_ 5
- : + + T [ = Daya Bay 95% expected (+10) ;
= 09 i + [ --- Bugey 90% C.L.
L L | L 1 1 -4 | L S |1 | L L L L1l | L L [ R I
T 2 3 4 B 6 7 8 03 107 10"

Prompt Energy (MeV)



3.55 keV&kdt?

> M T AT B A TRIN T, BT R

WFREREAET, X TEFLANE—§E

Perseus Cluster
| 1Ms XARM

1 150ks Athena
Mk L

Ar XV '
Ca XIX
Ar XVIII | Ar XVIl DR

=

Flux (cnts s kev'i)

3.55 keV Line

3 | 3.2 | 34 36 | 38 | 4
Energy (keV)

> 20144, Bulbul et al. #Boyarsky et al. BN/ NMNARIE T MNE

&

j—

713,55 ke VIR B & 572k

FAM3 1B XS B X 5

29



3.55 keV&i: [REFRERBKIT?

Discovery of a 3.5 keV line in the Galactic Center and a Critical
Look at the Origin of the Line Across Astronomical Targets

Tesla Jeltema'* and Stefano Profumo'

arXiv:1408.1699

L Department of Physics and Santa Cric Institute for Particle Physics University of California, Santa Cric, CA 95064, USA

ABSTRACT

We examine the claimed excess X-ray line emission near 3.5 keV including both a new anal-
ysis of XMM-Newton observations of the Milky Way center and a reanalysis of the data on
M 31 and clusters. In no case do we find conclusive evidence for an excess. In the case of
the Galactic center we show that known plasma lines. including in particular K X VIL1ines at
3.48 and 3.52 keV, provide a satisfactory fit to the XMM data. We estimate the expected flux
of the K XVIII lines and find that the measured line flux falls squarely within the predicted
range based on the brightness of other well-measured lines in the energy range of interest and
on detailed multi-temperature plasma models. We then re-assess the evidence for excess emis-
sion from clusters of galaxies, allowing for systematic uncertainty in the expected flux from
known plasma lines and additional uncertainty due to potential variation in the abundances of
different elements. We find that no conclusive excess line emission can be advocated when
Lonsidening sysiematic uncerfainties an Persgus orn other clusters We also re-analyze the
XMM data for M 31 and find no statistically significant line emission near 3.5 keV to a level
greater than one sigma. Finally, we analyze the Tycho supernova remnant, which shows sim-
ilar plasma features to the sources above, but does not host any significant dark matter. We
detect a 3.55 keV line from Tycho, which points to possible systematic effects in the flux de-
termination of weak lines, or to relative elemental abundances vastly different from theoretical
expectations.

Line Energy MOS Flux PN Flux
keV photons cm~2 s—1 photons cm~2 51
SXV 2.45 3.1+ 02 x 10~ 2.55 £ 0.04 x 10~
S XVI 2.62 4.8+ 0.3 x 10— 2.9+0.1 x 10—
Ar XVII 3.13 6.1+ 0.1 x 10— 5.74 £ 0.07 x 104
Ar XVIII 3.32 1.16 + 0.05 x 10—4 6.5+ 1.0 x 10—5
Ca XIX 3.90 2.55 4+ 0.03 x 10—14 2.44+0.1x 101
CaXX 41 4.1+ 03 x10~° 4.24+0.4x 10~5
K X VI (?) 35 4.5+ 04 x 1075 3.9 +£0.7 x 10~°
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3.55 keVZigE: FiLHE?

The dark matter interpretation of the 3.5-keV line is inconsistent with blank-sky observations

Christopher Dessert, Nicholas L. Rodd, Benjamin R. Safdi

Observations of nearby galaxies and galaxy clusters have reported an unexpected X-ray emission line around 3.5 kilo-electron volts (keV). Proposals to explain this line include decaying dark matter—in
particular, that the decay of sterile neutrinos with a mass around 7 keV could match the available data. I this interpretation is correct, the 3.5 keV line should also be emitted by dark matter in the halo of
the Milky Way. We used more than 30 megaseconds of XMM-Newton (X-ray Multi-Mirror Mission) blank-sky observations to test this hypothesis, finding no evidence of the 3.5-keV line emission from the

Milky Way halo. We set an upper limit on the decay rate of dark matter in this mass range, which is inconsistent with the possibility that the 3.5-keV line originates from dark matter decay.

Technical Comment on "The dark matter interpretation of the 3.5-keV line is inconsistent with blank-sky observations™

Kevork N. Abazajian

| show that model dependencies in the analysis by Dessert, Rodd & Safdi (2020) relax their claimed constraint by a factor of ~20. After including conservative model choices, the derived limits are
comparable to or slightly better than limits from previous searches. Further model tests and expansion of the data energy may enhance or relax sensitivity of the methodology.

Technical comment on the paper of Dessert et al. "The dark matter interpretation of the 3.5 keV line is inconsistent with
blank-sky observations”
Alexey Boyarsky, Denys Malyshev, Oleg Ruchayskiy, Denys Savchenko

An unidentified line at energy around 3.5 keV was detected in the spectra of dark matter-dominated objects. Recent work of Dessert et al. [1812.06076] used 30 Msec of XMM-Newton blank-sky
observations to constrain the admissible line flux, challenging its dark matter decay origin. We demonstrate that these bounds are overestimated by more than an order of magnitude due to improper

background modeling. Therefore the dark matter interpretation of the 3.5 keV signal remains viable.
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The dark matter interpretation of the 3.5-keV line is
inconsistent with blank-sky observations

Christopher Dessert, Nicholas L. Rodd?*, Benjamin R. Safdi'*

Observations of nearby galaxies and galaxy clusters have reported an unexpected x-ray emission
line around 3.5 kilo—electron volts (keV). Proposals to explain this line include decaying dark matter
—in particular, that the decay of sterile neutrinos with a mass around 7 keV could match the
available data. If this interpretation is correct, the 3.5-keV line should also be emitted by dark matter
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