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STERILE V DARK MATTER

e v adetectable dark matter candidate
| Abazajian+ astro-ph /0101524, astro-ph/0106002]

U, Y ms ~ keV = B~ Xori

 Decay leads to a finite v; lifetime [Pal+Wolfenstein]

see e 5
r=4.37 x 108 s ( ot ) (71@/)
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Figure reproduced from [Abazajian 1705.01837]
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THE DISCOVERY OF DARK MATTER
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10~ £ —=— 95% limit (this work)

-- mean expected

lo /20 containment

67 68 69 70 71 72 13
my [keV]
INLR+ 1812.06976]

Nick Rodd - Evidence the 3.5 keV line is not from Dark Matter Decay




ORIGINAL CLAIM

DETECTION OF AN UNIDENTIFIED EMISSION LINE IN THE STACKED X-RAY SPECTRUM OF GALAXY
CLUSTERS

EsrA BuLBUL!'?, MAXIM MARKEVITCH?, ADAM FOSTER', RANDALL K. SMITH' MICHAEL LOEWENSTEIN?*, AND
ScorT W. RANDALL!
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3 NASA Goddard Space Flight Center, Greenbelt, MD, USA 1402 2301
4 Department of Astronomy, University of Maryland, College Park, MD, USA o

e 3.55keV line detected in stacked sample of 73 galaxy clusters
e Redshifts correctly z € [0.01,0.35)
e Seen in MOS and PN XMM-Newton cameras
e Seen in Perseus cluster individually, also with Chandra

e Confirmed by [Boyarsky+ 1402.4119]
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e s the line consistent with dark matter?
e ~scale with cluster mass (see [Lovell+ 1810.05168])

e No known significant lines nearby, but cluster emission is complex -
model 31 known emission lines

e Areal line we missed?
e K XVIII lines at 3.48 and 3.52 keV [Jeltema+Profumo 1408.1699]
e S XVIcharge exchange at 3.5 keV [Gu+ 1511.06557]
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CANONICAL STRATEGY

e X-ray telescopes have small field of view ~5x10-5 sr

e Use observations of highest expected DM decay flux (GC+clusters)

e Bulbul+ used ~6 Ms of data (~70 days)
e XMM-Newton has operated for 19 years (~600 Ms), can we use this?
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NEW STRATEGY
Y A A N N 8 8 S8 sSS

* Expected DM flux
dd 1 f ds f df) ,ODM(S Q) .
- - E — . 9 LoS FoV /
. dEl  4mm, 7'5( ms/2) X fFOV dS)
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NEW STRATEGY
Y A A N N 8 8 S8 sSS

* Expected DM flux .
dP 1 d 70 0
T 5(E _ m5/2) > fLoS 2 fFoV IODM(S )
dE 47T e fFov dQ
e Perseus flux
L Mpess 1 (102" M) 29 2
D ers ~ ~ ~ 1 I
. P Qxnm e (10— sr) (100 Mpc)? 0% keV/cm

e Perseus halo > XMM Field of View, reduces flux by factor of ~3 .
Ay A LA LA LA L5 S @ sSy A
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NEW STRATEGY
Y A A A NN 85 s SsS S

* Expected DM flux .
dP 1 d 70 0
0 == 5(E — ms/2) % fLoS S fFoV pDM(S )
dE 47T e fFoV dQ
e Perseus flux
L Mpess 1 (10> Mo) 29 2
D ers ~ ~ ~ 10 keV
. " Oxvm Ay (10—% sr) (100 Mpc)? eV/cm

e Perseus halo > XMM Field of View, reduces flux by factor of ~3
. e  What about for the Milky Way?

Dyiw ~ /ds pon (s, Q) &~ (0.4 GeV/em®) x (20 kpe) &~ 2 x 102 keV/ch.

Number comparable! Yet more MW we can see than Perseus clusters

AY A A A A Ay s @ sSGy A
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NEW STRATEGY

e Strategy motivates using all ~12,000 observations

Top Features

° B -
e Developed automating tools: i
Y / Search through all XMM-Newton data, Web page of the XMM-Newton
EPIC and OM catalogues. Science Operations Centre.
COMMAND LINE ACCESS INTERACTIVE ANALYSIS
Y Comman: d line an d URL access to How to perform on-the-fly data analysis
XSA data and processing interactive ly.
‘ TAP QUERIES M CATALOGUES AND TOOLS
el
] How to query XSA Database via Table <) Links to full catalogue downloads and
e Processed all 6,350 obs wit o
J
g. - DOCUMENTATION CONTACT
g

Links to XMM-Newton documentation — For questions, suggestions or problem
about observations, data and products. reports, contact the XMM-Newton

e So much data, can be picky
e Exclude the galactic centre

 Restrict to low background observations

Data: Exposure:

Nick Rodd - Evidence the 3.5 keV line is not from Dark Matter Decay b



NEW STRATEGY

e Strategy motivates using all ~12,000 observations

Top Features

SEARCH

* Developed automating tools: B s e e s

EPIC and OM catalogues. Science Operations Centre.

COMMAND LINE ACCESS INTERACTIVE ANALYSIS

& ___TAP QUERIES Y CATALOGUES AND TOOIS

IN SHORT

* More data

o Larger signal

* Lower background

e If the line is from dark matter: see it at over 1000

Data: Exposure:
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RESULTS

e (alculate the TS for the DM line from the joint profiled likelihood

S AR 401 o, I
L [ il:];—| T T ] ] ) X % s X ] 8
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i ‘\; . '_g i‘ix x ;}“‘x%xxx xxxx x X 4
] . x X 5 X x X x %
2 10_1 ' : ' N X % x o x ¥x X x
0 5 10 ] * " X X x xX " o x 3
TS ] _20 I ¥ x xxx x Xxx x < x * ;%"% 2
] x x T X R
1 - ) x X . x)séxxx:)«
X %x % X % X kx
—40 i %o xx x® % * 1
NN my=THkV 0
67 68 69 70 71 72 73 74 0 20 0 -2 40
my [keV] ¢ |degrees]
* No evidence for a DM decay line
e Leftinset shows the distribution of individual exposures versus a 2
distribution under the null, provides a good fit to the data
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RESULTS

1077 ¢

1071 ¢
@ L
&
£
2
10~ -
10712 £ —=— 95% limit (this work)
- ---- mean expected
- I 10/20 containment
6.7 6.8 6.9 7.0 7.1 7.2 7.3 7.4
ms [keV]
e Expectations from Asimov dataset [Cowan+ 1007.1727]
]

Limits are power constrained [Cowan+ 1105.3166]
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RESULTS

1079 ¢

10—10 -
@ L
S
=
” 10—11 B What would
3 this point look
like in our data?
10712 £ —=— 95% limit (this work)
- ---- mean expected
- I 10/20 containment
6.7 6.8 6.9 7.0 7.1 7.2 7.3 7.4
ms [keV]
e Expectations from Asimov dataset [Cowan+ 1007.1727]
o

Limits are power constrained [Cowan+ 1105.3166]
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RESULTS

e Stack data and best fit models, overlay expected signal

e NB: we don't stack in our analysis, but this makes a compelling plot!

0.090 L MOS data

,I
L ,/,
L = _ "¢’
I e ===
0.085 1

Eline [ke\/]
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CONCLUSION

e Milky Way halo is a bright source of dark matter decay
e Allows us to use almost all XMM-Newton data

e Qur results provide very strong evidence the line is not
from dark matter decay

10712 - —=— 95% limit (this work)
F ---- mean expected

lo /20 containment
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STERILE V DARK MATTER

* vs:acompelling dark matter candidate
e Farly universe production: conversion of active v
[Dodelson+Widrow; Shi+Fuller]
e (an be realised with seesaw or baryogenesis

[e.g Canetti+ 1208.4607]

107
10%] e [fv,and vg mix with angle 6
10°|

10°10L

Pa_>5 X SiIl2 (26’)

290

10711 L

Sin

10712 [

10713 [

10724 L
f — NuSTAR GC 2016
10-15

s, [Perez+ 1609.00667,
my [ keV ] see also Ng+ 1901.01262]
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TOWARDS A DEFINITIVE STATEMENT

1. New experiments

‘~¢. -

//

&, -\ e, 5 .

////\:, }_\// 3 @ microxrocket « Follow
TT——

‘ microxroc ket Mission accom plished!

Field ops done, now we start analyzing
data...

- / »
- - 3
— - =
- - "

Micro-X

O Q A

19 likes

! Login

Nick Rodd - Evidence the 3.5 keV line is not from Dark Matter Decay 22



TOWARDS A DEFINITIVE STATEMENT

2. Deep observation of dark matter bright object

Deep XMM Observations of Draco rule out at the 99% Confidence
Level a Dark Matter Decay Origin for the 3.5 keV Line

1x 1 [ . ]
Tesla Jeltema'* and Stefano Profumo™ 1512.01239
L Department of Physics and Santa Cruz Institute for Particle Physics University of California, Santa Cruz, CA 95064, USA
I [ I I I I I I I I I I 25Xl0_6 I l l l I l l l l
B Lovell+
Wolft .
i A—A Geringer-Smith* | gy jhy1s N | Bulbul+ MOS
i ! — Boyarsky+ M31
Nm Boyarsky+ Perseus M
o g 1.5x10°
.5 é
= 1040°
O]
=
- L
: 99% C.L.

- 5.0x10” 4

- | @—@ MOS, full sample (Bulbul+) -

| m—E PN, full le (Bulbul+ }

sample (Bulbul+) | N 90% CLL
I I . I I | . . I 0 0 I | | | | I | | | | I | | | | I | | | |
7.2 7.4 33 34 35 3.6 37
Line Energy [keV]

6.6 | 6.8 7
m_[keV]
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TOWARDS A DEFINITIVE STATEMENT
2. Deep observation of dark matter bright object

— - - NNAOSs. full sasrnmywprle (CBEBualbuli)

e Py, fuall samprle (CEBualbual+i— )

: ] L : | l 1 | i | l . | . 8 l
S .S L S .= 7 7 =

10712 ¢
67I - I6I8I - I6I9I - I7IOI - I711I | I7I2I - I7I3I - I74
ms [keV]
[1512.01239]
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TOWARDS A DEFINITIVE STATEMENT
2. Deep observation of dark matter bright object

Searching for decaying dark matter in deep
XMM-Newton observation of the Draco dwarf

spheroidal [1512.07217]

Oleg Ruchayskiy,'?* Alexey Boyarsky,®> Dmytro Iakubovskyi,?*

Esra Bulbul,” Dominique Eckert,® Jeroen Franse,®” Denys Malyshev,°
Maxim Markevitch,® Andrii Neronov®

X-ray bright objects, such as galaxies and galaxy clusters. We do not de-
tect a statistically significant emission line from Draco; this constrains the
lifetime of a decaying dark matter particle to 7 > (7 — 9) x 10?7 s at 95%
CL (combining all three XMM-Newton cameras; the interval corresponds
to the uncertainty of the dark matter column density in the direction of
Draco). The PN camera, which has the highest sensitivity of the three,
does show a positive spectral residual (above the carefully modeled con-
tinuum) at £ = 3.54 £ 0.06 keV with a 2.30 significance. The two MOS
cameras show less-significant or no positive deviations, consistently within
1o with PN. Our Draco limit on 7 is consistent with previous detections
in the stacked galaxy clusters, M31 and the Galactic Center within their
1 — 20 uncertainties, but is inconsistent with the high signal from the core
of the Perseus cluster (which has itself been inconsistent with the rest of
the detections). We conclude that this Draco observation does not exclude
the dark matter interpretation of the 3.5 keV line in those objects.

2.5
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NEW STRATEGY

dP 1
dE ~ 41 m, 75(E L /ds g
e s
- DiaCEonE

e Average emission over the XMM-Newton FoV
DE 3 107 kel cm”

Dyiw (¥ = 148°) ~ 1 x 10%® keV /cm®
Dyiw (¥ = 45°) ~ 3 x 10?8 keV /em”

e MW flux is comparable to clusters: the line is present in every
observation XMM has ever made!

e Same observation exploited in y-rays [NLR+ 1612.05638]

26
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NEW STRATEGY

e Strategy motivates using all ~12,000 observations e Freatres

SEARCH /’«:— XMM-NEWTON
/ hhhhhhhhhhhhhhhhhhh -Newton data, Wel page of the XMM-Newton
. D e el e I a t ati t l S - EPIC and OM catalogues Science Operations Centre
| g ™ COMMAND LINE ACCESS INTERACTIVE ANALYSIS
./ How to perform on-the-fly data analysis
and processing interactively.
‘ TAP QUERIES M CATALOGUES AND TOOLS
el
<)

uery El
rotocol (TAP).

e Processed all 6,350 obs with 1 < 90° [y e gy comer

ooooooooooooooooooooooooooooooooo
about observations, data and products. ~~ reports,
eeeeeeeee

e Apply cuts to restrict this to the best datasets
B - < 45°
P 5o
e Lowest 68% of instrumental background
e Remove t,,s < 1 ks

* 1,397 exposures, 752 observations, 30.6 Ms

Data:

Nick Rodd - Evidence the 3.5 keV line is not from Dark Matter Decay o



NEW STRATEGY

e Exposures well distributed over the region

T T T T T T T T T T T T T T T T T

40 X

T
1

20 % X X xx)( i

T

X
X
X
X
] :
o
-

b [degrees]

-

%
X
3
X
%X
%

o

log(exposure/ks)

T
X
1
—_
-

—20 X -

0.5

T

—40 X .

0 20 0 —20  —40
¢ |degrees]
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ESTIMATED SENSITIVITY

Y A A A S 8 s SsSSE sSSS
e What reach should we expect? In the large count limit .

TS=2[InLg —InLp] ~0° ~ S?/B=®%/®p x t
e Bulbul+ detected line with TS ~ 16 and tpers ~ 320 ks

Ay A A & 5SS S @ SS @SS B
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ESTIMATED SENSITIVITY

Y A A A S 8 s SsSSE sSSS
e What reach should we expect? In the large count limit .

TS=2[InLg —InLp] ~0° ~ S?/B=®%/®p x t
e Bulbul+ detected line with TS ~ 16 and tpers ~ 320 ks

e Blank sky observations (BSO) much lower background than Perseus,
by selection: .

Ay A A & 5SS S @ SS @SS B
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ESTIMATED SENSITIVITY

Y A A A N 8 8 88 S
e What reach should we expect? In the large count limit .

TS=2[InLg —InLp] ~0° ~ S?/B=®%/®p x t
Bulbul+ detected line with TS ~ 16 and tpers ~ 320 ks
Blank sky observations (BSO) much lower background than Perseus, .

As the signal is at least as bright starting at 45°, we could reach the
same significance using only .

AY A A A A Ay s @ sSGy A
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ESTIMATED SENSITIVITY

Y A A A N 8 8 88 S
e What reach should we expect? In the large count limit .

TS=2[InLg —InLp] ~0° ~ S?/B=®%/®p x t
e Bulbul+ detected line with TS ~ 16 and #pers ~ 320 ks
e Blank sky observations (BSO) much lower background than Perseus,
by selection: .
O /DL ~ 0.02
e As the signal is at least as bright starting at 45°, we could reach the .

same significance using only
tBSO A tpers X (PBC /P x 6 ks
With the full ~30 Ms dataset expect
TSpso =~ 16 x (30 Ms/6 ks) ~ 75, 000 .

This analysis could detect particle dark matter at over 1000

A A LAY Ay Ay S fsS sSy] A
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ANALYSIS AND
RESULTS

10712 L —=— 95% limit (this work

---- mean expected

lo /20 containment

6.9 7.0 7.1
ms [keV]




PROFILE LIKELIHOOD ANALYSIS

e Analyse each exposure using profile likelihood

e Likelihoods are then joined, we do not stack the datasets

e Use narrow energy window: m,/2 4+ 0.25 keV (AExym ~ 0.1 keV)

e Model: astrophysical power-law, instrumental power-law, DM

200

—I QPB modlel | I X—ragl/ counts | | 121 m3/2 = 355 kev
175 === astro model {  QPB counts
— astro+QPB model
150
o et L
o L I_A{*T ] E} } Th Llﬂ{iﬁﬂﬂ Iﬁ =
S I,L[HT TTM\}W Ir liTMTT ;|; Tﬁ» ﬂ“ﬁﬁiﬂ TI il $}I Tilrﬁ{j;; g
AERULIT R S TR
50 "
2
LY 3.4 3.5 3.6 3.7 3.8 0.0 0.5 1.0
0653550301PNS003 E [keV] sin?(26) x 10

e In detail use Poisson likelihood for counts + Gaussian likelihood for
QPB estimates. Instrument response folded into the model prediction

34
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PROFILE LIKELIHOOD ANALYSIS

e Nuisance parameters removed using the profile likelihood

* The background is refit for every value of the signal

Fixed Background (Small Sidebands), Injected Flux 400 cts/cm?/s/sr

Profile Likelihood (Small Sidebands), Injected Flux 400 cts/cm?/s/sr

— Background Only
— |njected Signal + Background
Background + Signal
e Data

35 36 37
Energy [keV]

- |njected Strength
20 confidence

1o confidence

200 200
— Background Only
180 4 — Injected Signal + Background 180 1
Background + Signal
160 A e Data 160 |
3 3
= =
w140 - » 140 -
2 @
g 120 g 120 -
) )
% 100 - 5 100 4
o fr
80 4 80 4
60 60
34 35 36 37
Energy [keV]
0 0
— |njected Strength
-2 1 20 confidence
1o confidence -5 |
-4
-6
-10 -
-8 p
-10 - 15
-12 4
—14 - =20 1
-16 1 : : : : : .
0 100 200 300 400 500 600 700 800 0

Signal Flux [cts/fcm?/s/sr]
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— NFW profile
NFW w/ 1 kpc core
- —- Burkert profile

6.9 7.0 7.1
ms [keV]




SYSTEMATIC CROSS CHECKS

e The result is controversial, so we have cross checked extensively
e If there was a real signal in the data, would we have excluded it?

e Check by injecting a real signal into the data

10—10 !

10~ 19 __ |
T T T
Sin2(29mj)

O
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SYSTEMATIC CROSS CHECKS

e How dependent are these results on the assumed halo profile?

0
Plocal = 0.4 GeN (et
re = 8.2 ¢ ke
PNFW(T) = 5 5
rirs (¥ +r /e
ro = 20Epe
pBurk(T) s 2
F—— NEW profile (1 _|_ T/TC)(l _|_ (T/TC)Z)
[ reemeees NFW w/ 1 kpc core -
:—.—.- .B1.1rll<er.t pr(.)ﬁ.le llllllllllll | Iies 9 kpC
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SYSTEMATIC CROSS CHECKS

e s the result strongly dependent upon our cuts?

sin”(26)

sin®(20)

--- low QPB 1

Nick Rodd - Evidence the 3.5 keV line is not from Dark Matter Decay

10-12L fiducial
low 1
- F AU BN high QPB |
-------- 55 t>10ks -
6.7 6.8 6.9 7.2 7.3 7.4
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TOP 10 INDIVIDUAL EXPOSURES

Observation ID Camera Identifier =~ Exposure [ks|] [ [deg] b [deg] Target Type
0653550301 PN S003 63.2 5.1 -6.2 Quiescent Novae
0203750101 PN S003 33.7 -2.8 -4.9 LMXRB Black Hole
0152750101 PN S001 30.1 1.6 7.1 Dark Cloud
0203750101 MOS2 S002 43.4 -2.8 -4.9 LMXRB Black Hole
0781760101 PN S003 46.0 -2.7 -6.1 LMXRB Burster
0761090301 PN S003 95.2 -8.7 17.0 B2III Star
0206610101 PN S003 35.4 -2.9 7.0 Dark Cloud
0412601501 MOS2 S002 90.2 -1.4 -17.2 Neutron Star
0727760301 MOS2 S003 67.9 -1.4 -17.2 Neutron Star
0761090301 MOS2 S002 107.4 -8.7 17.0 B2III Star

1079+

10

sin”(260

10711 ;

10712 L

67 68 69 70 71 72 73 74 6r 68 69 70 71 7z 73 74
ms [keV] my [keV]
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SYSTEMATIC CROSS CHECKS

e Parameters of systematic checks

Tmin [deg] Tmax [deg] |blmin [deg] I3 [erg/cm?/s/deg?] Fops [%]  Exposure [Ms] other
fiducial 5 45 0 1010 68 30.6 -
r > 10° 10 45 0 10°1° 68 27.9 -
r < 60° 5 60 0 10~ 68 56.9 -
b>1.5° 5 45 1.5 1071 68 24.8 -
north 5 45 0 1071 68 12.5 mask b < 0°
south 5 45 0 1010 68 18.1 mask b > 0°
F%, 5 45 0 5x 10711 68 18.8 -
el 5 45 0 5x 10710 68 35.7 -
low QPB 5 45 0 10°1° 16 6.3 -
high QPB 5 45 0 101 95 45.6 -
t> 10 ks 5 45 0 10710 68 28.2 require t¢ > 10 ks
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SYSTEMATIC CROSS CHECKS

sin®(20)

Nick Rodd - Evidence the 3.5 keV line is not from Dark Matter Decay

Results for the MOS or PN detectors individually

- — fiducial

— fiducial |

— MOS
---- PN
72 13

—— MOS

ms [keV]




SYSTEMATIC CROSS CHECKS

e Repeat the analysis in 4 equal exposure regions

B L - ) < 62.2°:62.2° <Y < T4 T4 < ) = @3

10 .
10'F .
Sf ®
= 107 Jal ol
: <
X S
= = o
_5¢
10t ] ® Dest fit
lo /20 containment
. . . . —10 . . .
0 2 4 § 0 20 40 60 80
TS T'min [deg]
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SYSTEMATIC CROSS CHECKS

e Repeat the analysis in 45 equal exposure regions from 5° to 90°

102 3

- Y
A
.
N
~
].01 -
- ~
F ~
~
F ~
~

I ~
L ~

|

I

AN, /d(TS)
—
7 -

10V} s - —t—

1012 — fiducial ] 101 E
_ Reg.17. = o Reg. 3 :
--- Reg. 2 -=- Reg. 4 —
6.7 6.8 6.9 7.0 7.1 7.2 73 7.4 0 2 4 § 8 10
ms [keV] TS
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SYSTEMATIC CROSS CHECKS
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THE DEBATE
CONTINUES?

Surface brightness profile of the 3.5 keV line in the Milky Way halo

A. Boyarsky,! D. Iakubovskyi,>> O. Ruchayskiy,? and D. Savchenko’

'Lorentz Institute, Leiden University, Niels Bohrweg 2, Leiden, NL-2333 CA, The Netherlands
’Discovery Center, Niels Bohr Institute, Blegdamsvej 17, Copenhagen, Denmark

SBogolyubov Institute of Theoretical Physics, Metrologichna Str. 14-b, 03143, Kyiv, Ukraine

We report a detection of 3.5 keV line in the Milky Way in 5 regions offset from the Galactic Center by
distances from 10’ to 35 degrees. We build an angular profile of this line and compare it with profiles of several
astrophysical lines detected in the same observations. We compare our results with other detections and bounds
previously obtained using observations of the Milky Way. [1 812.1048 8]




THE DEBATE CONTINUES?

sin®(20)

10712 - —=— 95% limit (this work)
- ---- mean expected
lo /20 containment

e This is using some of the same data as our analysis
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9 days after our paper [Boyarsky+ 1812.10488] appeared, claiming
discovery of a “consistent” line from the Milky Way ambient halo

Claimed
detection

Working with these authors to sort out exact disagreement
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THE DEBATE CONTINUES?

e [Boyarsky+] model two additional instrumental lines:

e 331 and 3.69 keV

e These weaken our limit due to degeneracy with the signal

e But even this does not significantly change our story

1
: — fiducial ---- extra lines (MOS) |
: — extra lines (joint) == extralines (PN) |

4 L

3l

sin”(26)

r — fiducial limit

10712 F — extra lines (joint)
| - —- extra lines (MOS)
| —= extra lines (PN)

7.3
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THE DEBATE CONTINUES?

e [Boyarsky+] model two additional instrumental lines:
B 551 and 3.69 keV

e These weaken our limit due to degeneracy with the signal —=
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