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Search for Light™ Dark Matter with X-rays and
Implications of a Possible Detection

Short Subject -- Search: Motivation, Targets...
[w/ A. Kusenko (UCLA/IPMU), T. Yanagida (IPMU)...]

Main Feature -- “Detection of an unidentified emission line

in the stacked X-ray spectrum of galaxy clusters”
[ApJ, 789, 13; E. Bulbul (CFA) , M. Markevitch (NASA/GSFC), A.
Foster (CFA), R. Smith (CFA), M. Loewenstein, S. Randall (CFA)]

and Implications _—
Intermission

Coming Attractions — Next Steps
| Astro-H Instrument, and Software & Calibration Teams,

A-H Science Working Group]
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Short Subject




The Search: What to LLook for:

Focus on NRP Sterile Neutrino Light DM

Most extensions to the Standard Model that explain the
neutrino mass include right-handed ( ) neutrinos.

e produced via non-resonant oscillations ( ) at rate
Lo ozl O an s (R R B et

m/st-v ster-v

« WDM: m ~ 0.33 keV(m,,..., /keV)>* s

thermal ster-v

in® 26 . \S
I,(m,,6)=138x 107" s (Sm )( ” )

TkeV
Dodelson & Widrow (1994 ), Kusenko (2009),
Kusenko, Takahashi, and Yanagida (2010),
Boyarsky, [akubovskyi, and Ruchayskiy (2012)...
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The Search: What to Look ar

(1)
(2)

targets | onone hand...__| on the other...

galaxy photons! ICM
clusters DM profile

galaxies abundance intrinsic sources
mass decomposition

MW and proximity absorption
M31 mass decomposition

dwarf proximity DM profile/extent?
spheroidals  nointrinsic sources

ML) 7 M),

Dsphs (Gillmore et al.);
Galaxies (Salucci et al.);
Clusters (Popolo et al.)




The Search: What to ILook wii/i
Dedicated Indirect DM

X-ray Search Using
dSphs

25 Dwarf Satellites

| LeolV

* Clean signal

Ursa Minor

Bootesl/11

=i ' e Little or no (ultra-faints)
reason, otherwise,
to observe these...

Seguel :

Milky Way bl !

Coma ] W1 ' Herd %

e Utilize the full “fleet” —
XMM-Newton: Will-1
Chandra: Will-1

— | Suzaku: Dra, UMI, Seg-1

Bullock/Geha 100,000 light years




Suzaku Constraints on Sterile Neutrinos...

excluded by Suzaku
observations of
Ursa Minor

Draco, Will-1, Seg-1
(ML/AK 1in prep)
similar

The region to the right of the solid curve is excluded it 100% of DM
1S sterile neutrimos; 1n the solid exclusion: region the mimimum

abundance produced by oscillations overproduce the X-ray emission
(EKIB2009): Allowed regions expandior LS50 (1 =1); o subdominant.




Ruling Out Sterile Neutrinos Produced by DW

M31 Chandra Redux (plus MW dwSph phase space,
M31 subhalo counts) [Horiuchi et al. 2014]

£ Not the end of the story:

* Other ways of making
sterile neutrinos

. * Other X-ray-line emitting
i DM candidates




Feature Presentation




Doing Better (w/ existing data):
Galaxy Cluster Stacking
, A. Foster, R. K. Smith, ML, S. Randall

1

* Stacking (Abazajian et al. 2001) increases the S/N.
* Because the clusters are at a range of redshifts, instrumental

features (but not the putative signal!) are smoothed out.
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Galaxy Cluster Stacking: The Sample

A1060 A9 A3 A478 A496 AS " AS45 5 zw31
» ¥
A262 35
A7 : ABlgg. 963 A1068 A1 X Aap28
.Y

kT~3-10 keV
fgas~0.13, Fe~0.3 solar
lots of emission lines!

6 Ms MOS
2 Ms PN

Stacked
observations

Number of Clusters

O = N W & 00 O N ©® © O

Energy (keV)




Basic Analysis Steps:

(1) Construct the de-redshifted stacked spectra, the weighted
response, and the summed (smoothed) particle background.
(2) Subtract the summed particle background.

- T v
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Stacked PN Background

—
=
[+
-
‘»
=
=
>

8
>
=
(™

Flux (counts s~ keV'')
o

W | : 3
HH ﬁ.ﬂ'. 'LM".',5.-”‘."”".'"% v 1.._'..

Energy (keV)

MOS: 6 Msec, 8.6 Mcts; PN: 2 Msec; 5.1 Mcts
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(3) Fit the stacked spectra of the entire sample (and
various subsets) to a — (multi-temperature) thermal
plasma continuum plus known emission /ines with
unconstrained fluxes.

Note the smoothing out of the effective area curve...
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single cluster spectrum stacked cluster spectrum




(4) Search for “extra” teatures in 2-10 keV band (<2 keV
too crowded).

Detection of
unidentified
emission line at

~3.57 keV at ~50




* Many lines in a single kT ~ 3-10 keV thermal plasma
* Many kT’s (1onization states) in the stacked spectrum

Line-free A'\PEC + Gaussians -

34 3.6
Energy (keV)




Final energies and fluxes are derived using 3-6 keV band

* with a weighting appropriate for dark matter decay,
* allowing the strengths of atomic features in this band to

vary over a conservatively large range.

. ' - S = ‘triplet’ lines !
*E MOS Detection oL 2 1'trip 5
fAr XVI 3.12 ke T = AtomDB v2.0.2
|
|

/
— K XVIII (3.47 keV) 1 /
-=== K XVIII (3.51 keV)
— - Ar XVII (3.68 keV)

""" K XIX (3.71 kaV)

N\

(=}

\
IT ~ 2 keV
I \

/  ArXVIl 3.82 keV DR lines

»
»
i \
|
l.:_ ,
3 |
i /
[ |
¢ |
PSR T ol . W |

==

R 10’ TS
Plasma Temperature (keV) log (Temperature) (K)

Line Flux (photons em™ s
)

Emissivity (photons cm®s”)

(=]




subsamples, etc.

N R T N

full XMM/MOS 4.0 (-0.8,+0.8) 22.8/2 6.8 (-1.4,+1.4)
full XMM/PN 3.9 (-.1.0,+0.6) 13.9/2 6.7 (-1.0,+1.7)
full XMM/PN* 2.5(-0.7,+0.6) 11.2/1 4.3 (-1.0,+1.2)
Perseus XMM/MOS™ (1) 21.4 (-6.3,+7.0) 12.8/1 23.3(-6.9,+7.6)
Perseus XMM/PN* <16.1 <17.6

bright XMM/MOS™ (2) 15.9 (-.3.8,+3.4)  17.1/1 18.2 (-3.9,+4.4)
bright XMM/PN* <9.5 <10.9

Others XMM/MOS™* (3) 2.1(-.0.5,+0.4) 16.5/1 6.0 (-1.4,+1.1)
Others XMM/PN* (4) 2.0 (-0.5,+0.3) 15.8/1 5.4 (-1.3,+0.8)
Perseus Chandra/ACIS™ (5)  10.2 (-3.5,+3.7) 11.8/2 40.1 (-13.7,+14.5)
Perseus Chandra/ACIS-I* 18.6(-8.0,+7.8) 6.2/1 28.3(-12.1,+11.8)
Virgo Chandra/ACIS-I* <9.1 <10.5

“E fixed at 3.57 keV
“E=3.56 +0.02

notes: perseus Perseus XMM w/o core,
“bright” = Coma +Centaurus + Ophiuchus,
flux in 10-° photons cm sec!




Line detected at ~consistent energy at >30 1n
5 statistically independent spectra

1 lllllll'

® Full Sample (MOS)
& Full Sample (PN)
Coma + Centaurus +
Ophiuchus (MOS)
Coma + Centaurus +
Ophiuchus (PN)
® Other Clusters (MOS)
@ Other Clusters (PN)
® Perseus (Core-Cut) (MOS)I
@ Perseus (Core-Cut) (PN) |
m Perseus (ACIS-I) [
B Perseus (ACIS-S) I
m Virgo (ACIS-I)
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Final Remarks on Cluster Stacking Analysis

Concerns
Lines are weak

ICM emission is bright.
complex, and diverse

Energy/flux discrepancies
among subsamples

v" Our Suzaku stacking
program should partially
address these

What we Know

There is an unidentified
feature in the spectra of
most (consistent with all)
clusters that is...

... not a background feature
... hot an instrumental line
... hot a detector feature

... not a modeling artefact




Final Remarks on Cluster Stacking Analysis

What we Know What we Don’t Know

There is an unidentified ® |s this line emitted by all

feature in the spectra of

most (consistent with all) DM halos (this is e gue
clusters that is... dataset)? [MW? Riemer-

Sorenson, arXiv 1405.7943]
... not a background

feature ® |sthe line emitted by DM

. = - 7
... not an instrumental line particles:

... not a detector feature ® |fso, which DM particle?

... not a modeling artefact




Intermission




incomplete (and possibly inaccurate) list of candidates, explanations, scenarios...

Sterile Neutrinos (arXiv:1403.0954,1402.5837, 1403.2727, 1403 .4368, 1404.5198,
1404.5955, 1404.7118, 1405.6967, 1406.004)

Moduli (arXiv:1403.1398, 1403.1733)

eXciting Dark Matter(arXiv:1402.6671)

Millicharged dark matter (arXiv:1403.1280, 1403.1570)

Dark atoms (arXiv:1404.3729)

Axion/ALP (arXiv:1402.6965, 1402.7335, 1403.0865, 1403.2370, 1403.5760,
1404.7741, 1406.0660, 1406.5518)

Axino (arXiv:1403.1536, arXiv:1403.1782, 1403.6621)

Radiative Neutrino (arXiv:1403.1710, 1404 .4795, 1404.3676)

Effective field theory (arXiv:1403.1240)

Inflaton (arXiv:1403.4638)

Gravitino (arXiv:1403.6503, 1403.7742,)

Scalar Dark Matter (arXiv:1404.2220, 1406.0687)

Magnetic dark matter (arXiv:1404.5446)

Annihilating dark matter (arXiv:1404.1927, 1405.3730)

Pseudo Nambu-Goldstone bosons (arXiv:1403.7390, 1404.1400)

Sparticles (arXiv:1403.5580)

Light non-thermal DM (arXiv:1403.5717)

Sgoldstino (1404.1339)




DM candidate production 1s resonantly enhanced in
the presence of a claimed detection
(“arX1v-mediated hep-phion production™)

shower of

new models
and DM
candidates

*VP=virtual preprint

quantumdiaries .org



Sterile Neutrinos Still Viable

sin"20




Sterile Neutrinos Still Viable

< 25% produced by non-resonant oscillations (DW)
(<10% 1f all DM 1s sterile neutrinos)

, other production (singlet Higgs,
inflaton decay, split seesaw)
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As is Moduli DM

EXCLUDED BY JOINT SUZAKU
ANALYSIS OF DRACO/URSA MINOR
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Ursa Minor and Draco
Kusenko, Loewenstein, and Yanagida 2013




How Can We Distinguish These Candidates?

* Other particle physics considerations,
e.g. “naturalness” vs fine-tuning
* Cosmological implications (N.¢)

* Clustering (structure on galaxy scales)
Most keV DM candidates are WDM, but...
-- sterile neutrinos: CDM and/or WDM
-- moduli, eXciting DM: C]
-- axion: CDM or CDM+E
e Self-interaction
(e.g., mili-charged DM)

Fransden et al. 2014 1520 50 a0 0 00 o




How Can We Distinguish These Candidates?

Dependence on density (1.e. DM concentration between
halos, radius within halos) and environment™ —
-- 2-body [annihilating, *eXciting, atomic LDM] vs
-- 1-body interactions [decay]

Dependence on B-fields
(DM—>ALP-> X-ray) —

(explain diversity among clusters,
between MW and M31;

Conlon and Day/Powell)

1 == dInB/dIn(n,)




Coming Attractions




Future X-ray Searches: Astro-H Microcalorimeter Array —
High Energy Resolution Imaging Spectroscopy

L

e —

Q

. Experiment: 12-10-05.12.22.30
8000 Fit wave name: CombineHist_fit

Fit Parameters

FWHM: 4.67 £ 0.022 eV

6000 E_shift: -0.07 +0.0091 eV
Amplitude: 8470.0 + 3e+01 counts
Counts: 196455
y0: 0.0 = 0 counts

% %:3.80

TEMPERATURE

TIME

Thermometer

5900
Energy [eV]




4) Future X-ray Searches: Astro-H

field of
view
angular
resolution

energy
resolution

bandpass

effective
area

NXB rate

Chandra XMM-

(I-array) Newton

17' X17'

0.4—8keV 0.2-12
keV

400 CmM?
cm?

~0.01 cts/ ~0.01 cts/

sec/]"* sec/[]’

ASTRO-H
SXS




4) Future X-ray Searches: Astro-H

Chandra XMM- Suzaku ASTRO-H
(I-array) Newton SXS
field of 17' X 17' 19' X 19’ 3’ X3
view
angular 6" 90" 60"
resolution

energy ~50 ~50
resolution

l
U1
o
*

bandpass 0.4-8keV 0.2-12
keV

effective 400 cmM?
area

NXB rate ~0.01cCcts/] ~0.01cts
sec/1"* sec/ ]’

Chandra

Resolution*Sqrt(Area) (cm)

Energy (keV)




4) Future X-ray Searches: Astro-H

I-arra Newton SXS
: 12 I. Zhuravleva
field of 17' X 17' 19' X 19’ 3’ X3
view (Snowmﬂumer‘l3)

an

0.1 ey
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counts/s/keV

Chandra ~ 100 eV  Astro-H~5eV
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e L e . e L e |
Astro-H SXS

Perseus, 1 Msec
kT = 6.5 keV, 0.6 solar _
z=0.0178
v(baryons) = 300 km/s '
v(line) = 1300 km/s

note broadening

3.62 keV
Ar XVIIDR
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3.55 keV Line

34 36
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clear and distinct...




Final Remarks

* Two independent groups find evidence of an unidentified X-ray
emission line consistent with LDM decay — in our case at at >30 1n 5
statistically independent spectra.

* There are (suddenly) many plausible particle models that can explain
this line.

* These may be distinguished in a number of ways — in some cases based
on the variation of line strength with environment/density/magnetic field.

* A conclusive answer on the nature of the line will arrive via from Astro-
H (lIaunch: 2015).

* [T confirmed, future (high-energy good-angular resolution, large
collecting area) X-ray missions will map out dark matter in the universe
and point the way to physics beyond the Standard Model.
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Mysterious X-ray Signal Intrigues Astronomers

Tuesday, June 24, 2014
News Feature

A mysterious X-ray sgnal has been found In a cetaled study of galexy clusters using NASA's Chandra Xeray
Observatory and ESAS XMM-Newton. One intriguing possibilty ks that the X-rays are produced by the decay of sterdle
nesnnos, @ type of perticke that has been proposec as a canddate for dark matter.

While holdng exciting potertial, these results must be confirmed with addteonal cata to nde ot other explanations
ad determine whether it s pausible that dark matter has been alserved

Astronomers think cark matter constitutes 85% of the matter in the universe, but does not emit or absord light ke
“normal™ matter such as the probans, neutrons, and electrans that make up the familar elements aliserved in planets,
stars, and gaaxes. Because of s, sCertsts must use indrect methads to search for dues about dark manter,

The atest results from Crandra and XMM-Newton consist of an unidertified Xray emission line, that is, a spice of
rersty at a very spedfic wavelength of X-ray Ight. Astronomers detectec ths emission line in the Ferseus galaxy
duster using both Charcra and XMM-Newton. They also found the Ire n a combined study of 73 other galaxy
dusters with XMM-Newtor,

"We know that the dark matter explanation Is a long shot, Dt the pay-off would be huge # we're right,” said Esra
Bulond of the Hanard-Seithsarian Cemter for Astrophysics (CIA) in Camiridge, Mass, who kec the study, “S0 we're
900G o keep testing this Mterpretation and see where & takes us,”

The authors suggest this emission line could be 3 signature from the cecay of a “sterle neuting,” Sterie neutrnos
ae a hypothetical type of neutring that is predicted 1o interact with normal matter only via granity, Some scientists
have proposed that sterle neutrinos may at least partally explan dark mattes

"We have a ke of work to do Defore we can caim, with any confidence, that we've found sterie reutrings,” sac
Maxim Markevich, a co-author from NASA'S Goddard Space Flignmt Center in Greenbedt, Marylarc. "But just the
passitiity of findrg them has us very exdted.”

One source of uncertanty Is that the detection of this emission Ine s pushing the capabiities of the two cbsenvatores
N terms of serstivty. Ao, there may be explanations other than steriie neutrinos € ths X-ray emsscn ine s
deemed to be al, There are ways that noemal matter in the cluster could have procuced the Fre, akthough the
team’s analysis suggested that al of these would involve unikely changes to o understanding of physical condtions
i the galaxy duster of the details of the atomic phwsics of extremely hot gases,

The authors note that even if the sterle neutring interpeetation is coredt, ther detection Coes not neessarily imply
that all of dark matter is composed of these partides.

“Our next step Is to combre data from Chancra and JXA's Suzacu mission for @ 2rge number of galaxy custers to
see f we find the same X-ray signal,” said co-author Adam Foster, also of CIAL “There are lots of iceas cut there about
what these data could represent. We may not know for certain untll Astro-H launches, with a new type of Xray
detector that wil be able to measure the |ne with more precson than currently possble.”

Because of the tantalzing potertial of these resuls, after submiting to The Astropfysica’ Jownal the authors posted
3 copy of the paper 10 3 pubicly acoessibie database, andv, This forum Akews SCENSIS 1O examne a paper prior 1o
RS acceprance into a peerreviewnd journal, The paper gnited a Nurry of activity, with 55 new papgers having already
cited this work, mastly invohing thedries disoussing the emission Ine as possbie evidence for cark matter, Same of
the papers explore the sterlle neutring Interpeetation, but others suggest differert types of candcate cark matter
partides, sach as the axen, may have been detected.

Only a woek after Bubul et 2l. placec their paper on the arXiv, a dfferert group, lec by Aexey Sayarscy of Leden
University n the Netherands, placed a peper on the arXiv reporting evidence for an emission line 2t the same energy
N XMM-Newton obsenations of the galaxy M31 and the outskins of the Perseus duster, This strengthens the
evidence that the emission Ire is real and not an instrumental artifact,

Chanda X-rary Observatory Press Release

CIA Home HCO Home |  SA0 Home

Search
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From the6/24 PR

"We know that the dark matter exglanat.ion is a Iom shot, but the Eﬂ-off would be hﬁ if we're right," said Esra
Bulbul of the Harvard-Smithsonian Center for Astrophysics (CfA) in Cambridge, Mass,, who led the study. "So we're

Qig to keeg tcstigg this interwtion and see where it takes us.”

"We have a lot of work to do before we can claim, with any confidence, that we've found sterile neutrines,” said
Maxim Markevitch, a co-author from NASAS Goddard Space Flight Center in Greenbelt, Maryland. "But just the
possibility of finding them has us very excited.”

Because of the tantalizing potential of these results, after submitting to The Astrophiysical Journal the authors posted
a copy of the paper to a publidy accessible database, arXiv. This forum allows scentists to examine a paper prior to
its acceptance into a peer-reviewed journal. The paper ignited a flurry of activity, with 55 new papers having already
cited this work, mostly involving theories discussing the emission line as possible evidence for dark matter. Some of

the papers chIore the sterile neutrino interwtion, but cthers sugﬁt different HE of candidate dark matter

particles, such as the axion, may have been detected.

"Our next step is to combine data from Chandra and JAXA'S Suzaku mission for a large number of galaxy clusters to
see if we find the same X-ray signal,” said co-author Adam Foster, alsc of CfA. "There are lots of ideas out there about

what these data could represent. We may nct know for certain until Astro-H launches, with a new type of X-ray
detector that will be able to measure the line with more Eedsion than current[z mss‘ble."




