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PROLOGUE

(FOR SKEPTICS)



FINDING NEW PHYSICS FROM ASTROPHY S

History would invite us to be optimists!
587.49 nm

1868: soon after new tool (spectroscopy) introduced in
astro,new Oparticlé@dom) identiPedprst via astrophysics
He in solar spectrumJanssen & Lockyer* )

only discovered on Earth in 1882 (by Neapolitan physicisumm s s s S s
Luigi Palmieri, in Vesuvius lava) ot e B e R B B e B el

*founder and first chief editor of "Nature"

~1932-53: Particle zoo _in cosm_ic rays such@ssitron | ast decades: systematically detected le&ds
e" (Anderson O32), predicted Wyirac in 1930, but than predicted from the sui& oscillations (hence 0)!
also! ," ,strangeparticles (K#,$,9...

.“m The Nobed Prive in Phaysics 2005
‘m The Nebe! Prize in Physics 1936 e
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The Nobel Prize in Physics The Nobel Prize in Physics
2015
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Prize share: 12

Pride shave 172

Kajta and Arthwr B. McDonald “Yor the discovery of neutring



EINCLUDING X-RAY ASTROPHYSICS
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WHY IT IS SO?

fs ns ms mn d y ky GyAp
109 | I I
/ = _ : \ Energy and Time ‘C'erdf“' ~
( Not surprising, if we think of the | Inthe Universe supemova o QS’:,:) o
: . A\ \ 1 4
unusual scales of density, temperature, - Al &
size, time, energyE if compared with ' 1
R R . - Farth’s KF « spindown
what achievable in terrestrial A Y S
laboratories! 2 1om et | tctonics
-;,‘ I\! : Bombs | | MT
. o ] N — » stonmn 1t TNT
( Many orders of magnitude away fromm & liguening of o
familiar rangesonceivable that 1 gy ord A wsatch
extrapolations of some physics may i “eells - Gev
; . . . ~_nucles ) o=
fail, highlighting new phenomena, or 0 wi.% o) volation) |-V

Kreg”’nes / g % mokcnlc;
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« My goal in the following

.\* to provide a quick (necessarily only semi-quantitative) overview of a few discove i
(or constraining) possibilities for X-ray astrophysics inspired by some open issu !
theoretlcal phyS|cs Take it as Ofood for thoughtO an |nV|tat|on to keep an open ni




END OF PROLOGUE



PLAN OF MY LECTURE

Dark Matter: evidence
& diagnostics

Forthcoming
cosmological probes

X-rays to identify
particle DM candidates?

( Why not great for WIMPs
( Sterile Neutrinos (& others)

testing gravity in
new regimesk

Axions & Axion-like

Compact objects, particles

EOS dense matterE



PART |. DARK MATTER



DARK MATTER ENTERS THE SCENE




DM ODISCOVERYO IN COMA CLUSTER (~193

Varna, Bulgaria = . 2 o

— M —10%galaxies in
We remember F. Zwicky here for two important discoverie ~1 Mpc radius regic

Y¥OAstronomers are spherical bastards. No matter how you look at them they are just bastards
¥Inferred the mass of the Coma cluster from the proper motion of the Galaxies, Pnding that th
required mass is much larger than what could be accounted for

Die Rotverschiebung von extragalaktischen Nebeln*", Helvetica PhysicatAttEOELO33)

"On the Masses of Nebulae and of Clusters of Nebulae*", Astrophysical Jo8&)&1(21937)

*Nebula=Early XXth century name for what we call now galaxy

|. No Ophysics beyond the standard modelO (yet)

Il. How did he do it? Clever & original application of Virial Theorem



SKETCH OF THE METHQOD

e

N N
Expression of time average of total kinetic energy | T — ! | , Lo
T of N particles bounded by conservative forces F Zl] = 'ryc aFy
\_ k=1 )
( IN ™\
Average total s n_yn 2 o
potential energy <U> il =i = i aFd= Nt §
" k=1 y,
( )
I n
For Gravity, U~Y 2' T + l UtOt . O
\. y,
( 2n ) 2 )
ITII v | my N2/2 pairs I U n # $ N G I m
' 3 of Galaxies * ~10l 2 N o
§ 2 Iy
/s T . ™
doppler shifts in galactic spectr® 724 M 4 el
" initerre
Mt ! N"m#! $ G geometrically
\_ N .

found a factor ~400 larger mass than the one from converting luminosity into mass!



MODERN PROOFS FROM CLUSTERS: X-RA

We know today that most of the mass in clusters (not true for galaxies!) is in the form of hot,
intergalactic gas, which can be traced via X rays: bolometric X-luminosity can be eventuall
converted into gas density maps, spectral info into pressure information (or potential depth)

Coma Cluster
0.5-2.0 keV dPgas _ M (< r )! gas
dr N s

See for example
Lewis, Buote, and Stocke, ApJ (2003), 586, ]

E Again, a factor ~7 more mass ',

than those in gas form is
inferred (also its proble can
be traced...)




MORE SPECTACULAR: SEGREGATION

Baryonic gas gets OshockedO in the collision and stays behind.The mass causing
(as well as the subdominant galaxies) pass trough each other (non-collisional)

n - o~ - A > - o8 e = e

(most of the) Mass is not in the collisional gas, as would
; happen if law of gravity were altered!

~ S S |~ -

Galaxy Cluster MACS J0025.4-1222.
Hubble Space Telescope ACS/WFC
" Chandra X-ray Observatory
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DM EVIDENCE @ MANY SCALES

A 1 . -
..l o~ A il “u.‘w‘:‘-:“:‘
’ S e //\A ) T3
/1 S ot - >
(1, E ¢ [ /S
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> 0.1 ' - R ® & @
k (h MpC") Catas b Geein Core b
CMB (Growth & Pattern of) Clusters Galaxies Dwarfs
anis. Large Scale Structures (X-rays, lensing) (rotation curves, bts...)

(growing effect of non-linearities, baryonic gas dynamics, feedbacks...)

OC08m0|09ica|O — OASthIOhySiCa|O

Especially cosmological evidence of paramount importance for Particle Physics!

( Exact solutions or linear perturbation theory applied to simple physical systems: credible and robust!

( Many would say: Sugge&isoldO collisionlesadditional species rather than a modibcation @R
(IMHO: academic debate mostly inRuenced by OclassicalO thinkegefaienew d.o.is key observation!)

( Tells that its majority ision-baryonic, rather than e.g. brown dwarf stars, planets...

‘ Beyond SMexplanatiomeeded, but gravity is universal no particle identibcation!
| discovery via other channelsis neededo clarify particle physicsframework
.U

1 Butwhat to look for depends onOtheoretical prejudiceO(curseof DM searches)
[ — -




OTRADITIONALO LINK WIRARTICLE PHYSICS

4 Strongprior for new TeV-scale physics (with SM-like coupling€ure the hierarchy problem ~
precision data (e.g. from LEP) suggest that tree-level couplings SM-SM-BSM should be avoided!

Ok with it! we want to avoid!

.......... new particle e =t

One straightforward solution is to impossome symmetryoften Oparity-likeO, relic from some UV-
sym):SUSY R-parity, K-parity in ED, T-parity in Little Hig¢msw particles only appear in pairs!

I Automatically makes lightest new particle stable!
I It has other benebts, e.g. respect proton stability bolinds

; . : - .
Cosmology tells us that the early universe was a hot plasma, in which all Othermally alloyedC
species should be populated. Notion tested up to T~ few MeV (BBN, co&0®):

What happens if we extrapolate further backwards and account for the hypothetical presente of

this new, stable weakly interacting massive particle?
(8 w




T H E \/\/EAKL\INTERACTINGI\/IASSIVPARTICLE PA RAD I G I\/I
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0%,
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PR
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Stable, massive particles in chemical equilibrium downto  : " “
T<<m(required forcold DM, i.e. non-relativistic distribution -] J
functiorl), suffer exponentially suppression of their abundance : -] (S

So, what is left depends on the decoupling time, or their annihilatioﬁlfi | .
cross section: the weaker, the more abundant... .

A textbook calculatioryields the current Observationally inferred omh?~0.1recovered for EW
average cosmological energy density scale masses & couplings (4kid1P miracle)!
0.1pb "2 ' 200GeV °
e ! V' # — $ 1pb
"I v# i I

¥ Stability results e.g. from the sardiscrete OparityO symmetrypreviously invoked
¥ Matches (old?heoretical prior for BSM at EW scale
¥ Leads to a number of interesting, testable phenomenological consequences




WIMP (NOT GENERIC DM!) SEARCH PROGRAM

Eatlyyuniversesandriadiretirdetectian

ﬁ
We, Z0 g, H, o, Y

Direet:t
detectiomn!
(vecoils on

nuclet)

multimessenger
> approach

- e O~ o
W-, 21 9, Hq,l /(OS\*\ &
_

Collider- Searches

| demonstrate the Oparticle physicsO naturastophysical DM (locally, via DD; remotely, via ID)

| Possibly, create DM candidates in the controlled environments of accelerators (but not enough! Neitf
stability nor relic density Odirectly testedO, for instanceE)

I Find a consistency between properties of the two classes of particles. Ideally, we would like to calculz
abundance and DD/ID signaturgs link with cosmology/test of production




WHY X-RAYS AT THE MARGIN OF THIS PROGRAM

E-scale mismatch: 4 to 7 0.0.m. below the expected range of emittedprompt " Os!

Log,,! L [erg/s]

T . ' ! ' : 4 . i :
i W Zhan5003 ] only proposed exception: models emitting energalc
ke P ieos o ] leptons (e.g. KK DM candidates) in environment wjith
7 . S s E large B-belds (synchrotron). Possibly Gal. Cente}?
= @ E o . . . = . -
f ~~~~~~ ] L. Bergstrom, M. Fairbairn and L. Pieri,OX-ray Radiati
- ] from the Annihilation of Dark Matter at the Galaftic
; 5 ,\ . Center,O BR4, 123515 (2006) [astro-ph/060732/]
32 E E Strong dependence from B-beld & DM
31 : : : : distribution proble! useful to check DM hints
10 14 18 22 26 .
Logyo! [Hz] @ other wavelengths (e.g. radio)
\
10 g . 5 1 . ‘ngo4<E/Ke\/>
. : different DM A g
..... e ||| density proPR |
<€ ——different B-peld NN,
Wl O really near the g
e S BHE
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logo(r/Hz)



BUT REMEMBER: THEORY BIAS!

Different motivations for alternative DM (in fact, beyond-the-
standard-model) models exist, in other scenarios signatures in X-
rays may be natural!



NEUTRINOS AS DARK MATTER?

Condition 1. Must be massive

(which is already a departure from SM...)

Fulblled! Oscillations establish&implying mass for at least two states
(mismatch between Ravour and mass basis is in fact necessary!)

@ Take the 2-RBavour mixinfpr
simplicity

@ Account for Bavor states being
superposition of mass states,

which are the true propagating
states
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NEUTRINOS AS DARK MATTER?

Condition 1. Must be massive (which is already a departure from SM...)

Fulblled! Oscillations established, at least 2 | 2 | " | 3 2
massive states, measured splitting impliesat * matm |24 10 eV
least one state heavier than 0.05 eV

Condition 2. Must match cosmological abundance

Failed! Direct mass limits combined with splittings from oscillation experiments impose
upper limit of about 7 eV to the sum (After KATRIN, potentially improved to ~0.7 eV)

* oyt 0.3(Planclgz m + 15 eV

Condition 3. Must allow for structure formation (of the right kind)
Failed! Why?



DM IS NOT OHOTO (IT IS NOT RELATIVISTIC

DM cannot have a relativistic velocity distribution
(at least from matter-radiation equality for perturbation to grow)

This is the more profound reason why neutrinos would not work as DM, even if
they had the correct mass: they were born with relativistic velocity distribution
which prevents structures below O(100 Mpc) to grow till late!

Neutrino free streaming
® o000 o

baryons, cdm

Cartoon Picture:

&0s Odo not settleO in potential wells that they can overcome by their typical velocity: compar
with CDM, they suppress power at small-scales



THE NUMERICAL PROOF

#CDM run vs. cosmology including neutrinos (total mass of 6.9 eV)

simulation by Troels Haugb¢ lle, see

http://users-phys.au.dk/haugboel/projects.shtml



http://users-phys.au.dk/haugboel/projects.shtml

MINIMALISTIC APPROACH

p
" SM Neutrinos do not work as DM, but have some good properties (almost Ok!)
Easy to add one extra neutrino state which workdgéavier & suppressed interactiong!

" SM gauge singletbut mixeswith active (one needs 2 of these to give mass t0s...)

L= Mi" #N | S HMNL' | M?I\@CN + h.c

4
" Production via oscillations, suppressed by the small mixing‘}0~10 [ | ™ /
(never in equilibrium, non-thermal spectrum, avoid Ohot-nessO) . - Vv M

" Further adjust mashl to obtain right abundance, keV range selected.

" Stilinot exceeding MeV scalein a more general (EFT) ¢ ge;1kov, D. Gorbunov. M. Shaposhnikov, JCAP 0906, 029 (200!
\analy3|s of its production & decay mechanism [0812.3622] JCAP 1110, 001 (2011) [1106.5019
4 - . - )

" Interesting astrophysical candidate:

" Ocold-to-warmO, may suppress structures at sub-kpc scales

(as in simulations | showed, but at sub-Galactic scales due to higher masses) N | | + il

" can be searched for via X-ray line (rare loop-suppressed decay) y "

" can be embedded in a Ominimal extensionO of the SM with only 3 right-handed neutrinos (two GeV-ish one$
\explaiping baryon asymmetry...) )

in‘principle accessible to collidersg #MSM, for a review, A. Boyarsky, O. Ruchayskiy and M. Shaposhnikov

possible interplay X-ray astro/colliders! "Ann. Rev. Nucl. Part. Sci. 59, 191 (2009)



GEV NEUTRAL LEPTONS AT COLLIDERS

A number of different probes possible
(From1504.04855)

M, 1GeV"
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DEDICATED EXPERIMENTS POSSIBLE

Proposed bxed target experiment at CERN http://ship.web.cern.ch/ship/

Physics paper at 1504.04855, Technical paper at 1504.04956

SHIP - Search for Hidden Particles

Experiment at the SPS o search for Hidden Particles

Tarpet Active Muon Shield Muon Magretc Spectrometer Electromagnetic /Fade onic Calor meter

Soectrometer Tming Detector




HINTS IN 20147

2 analyses of X-ray spectra of gala:kysters claim the 3 ]
@ 0 XMM-MOS |

a presence of almonochromatic 3.55 keV line which ca - 357+002(003) gy sample |
07 4 6Ms -

.l mterpreted asa decay signal of a 7.1 keV sterile neu

Flux (crts s

( ~50, but look elsewhere (~®)

ek
( stack clusters (OshufRingQrzviependence) %%W& Qﬁ h’ M‘# #ﬁﬁwﬁ

( need to parameterize OeffectiveO background to :

o s

better than % level (but argued OK) e e
stent wi n | iw / ~

( Overall consistent with DM, but some anomaly in

normalization of Perseus?
(Not conbrmed (excluded?) by other searchesE : Energy (keV) = '

Resduals

S

/

( Further tests needed (unfortunatefstro-H/Hitomi
was lost soon after laumch! =

E. Bulbul, M. Markevitch, A. Foster, R. K. Smith, M. Loewenstein and S.W. Rand
ODetection of An Unidentibed Emission Line in the Stacked X-ray spectrum of
Galaxy Clusters," "arXiv:1402.2301,ApJ 789 (2014) 13

X<

A. Boyarsky, O. Ruchayskiy, D. lakubovskyi and J. Franse,
OAn unidentibed line in X-ray spectra of the Andromeda galaxy and Perseus

galaxy cluster1402.4119, PRL 113 (2014) 251301

E 100-300 pe Fornax Core

| wonOt discuss about its status, or the analysisE let me just mention L e

B R S
.
0

what kind of signatures (and model alternatives) may be out there 10" 10 10 101 10® 100 100 10




WHAT KIND OF CONFIRMING SIGNATURIES

Require increased exposure, plus improved angular resolution, spectral one (or both!)

1.That a line is really there (no statistical Ruke)

2. Hitomi would have had sufbcient E-resolution to resolve the x-ray line shape: if the width of the lir
is relatively broadkz consistent with the expecte®oppler broadening of virialised DM particles

Narrower line(s) would suggest emission from normal atomic transit{@ansadened through collisions)

1.5! 107

3.55keV Line

Asfro-H éXS |
Perseus, 1 Msec
kT = 6.5 keV, 0.6 solar

z=0.0178

H v(baryons) = 300 km/g
i, v(line) = 1300 km/s |
x
€
o
=
£
X g Al DR Ca XIX
= ! |

I I i [ { J i

3 ‘ 32 ‘ 34 ‘ 2.6 ‘ 38
Energy (keV)

5!107

E. Bulbul et &pJ 789 (2014) 13

»

X-RAY ObZERVATORY

ASTRO-H

3. Also,with increased exposure one could verify whether the line
weakens toward the edges of a cluster or a galaxy in a way that A. Boyarsiet al.

matches the predicted dark matter density proble of these objects.

PRL 113 (2014) 251301



OTHER THEOETICAL MODELS WITH X-RAY SIGNA

Ex. 1: Exciting dark matter

Finkbeiner & Weiner 1402.6671, Cline & Frey 1410.7766
DM has an excited state ~ 3.5 keV above the ground state, which can be excited by DM-DM

collisions.The X-ray photon is emitted by subsequent decay. Rate of excitation scdfssag’ x
f(velocity) - much less constrained than just DM density, seems to allow compatibility with data.

Ex. 2: Axion-like particle as byproduct of DM decay

Dark matter decays into axion-like particles, which can convert into X-ray photon in the presence of
magnetic belds (e@onlon & Day 1404.77%Due to different B-belds, can lead to brighter signals in

clusters, fainter in dwarfs and galaxiés/érez et al 1410.1857

These models predict a different scaling with mass, for instance (and may be a way to
reconcile apparently conf3icting observationsk at the expenses of some generic predictivity)



2.AND NOW FOR SOMETHING
COMPLETELY DIFFERENT:
AXIONS & ALPS



THE STRONG CP PROBLEM

N, g’

—n_f -5 Standard QCD Lagrangian

[—— Tr(G,,G" O

G 7 11( H$ ) contains a CP,P &T

" "o violating term
# " ="$Arg(detM,)

Due to non-trivial topological structure Phase Orotated awayO from quark mass
of QCD vacuumQ<9%,<2' matrix (complex couplings in Higgs sector)

&induces a neutron EDM violating experimental limits urﬁésm-lo

Again, one of the nasty Obne-tuningO problems of the SM asking for an explanatic
(like hierarchy, cosmological constantE)

Maybe a window on high-energy physics? Some dynamical solution?

*despite being a total derivative, there are topologically inequivalent gauge conbguration at inPnity
that make this term physical



INTRODUCING AXIONS

( )
@ One cannot solve the problem with known symmetries. Peccei, Quinn O77 propc
to solve it by a new global, axial Ugd)symmetry (1977), requiring d%iggs doublet.

 This symmetry is spontaneously broken at a scal@kionsa are the corresponding
Nambu-Goldstone mode (Weinberg,Wilczek O78)
\

J

\ V@)

p
AtE + f

¥UPQ(1) spontaneously broken

¥The axion is than=0 mode settling at

some value. @ in the OMexican hat®
\_ J

4 )

ALE + #oc0! f

¥UPQ(1) explicitly broken by chiral SSBthe
Mexican hat tilts (@mixes with" °0)

¥In the potential induced by, the (now-

massivea(x) dynamically restores the CP
conserving minimum

. J =0




NEW WINDOWS TO ALPS?

f ODePbning couplingO: Axions couple to gluons (and mix witt?) gwo;péﬁ
i i axion gﬁﬁél
Lo = = Sf MGG T ;ﬁv
c . ¥ \%ah
o Axions satisfym, f, ~m.f, !”3;;%\
e They can couple to fermions, but more model-dependent (especially for leptons) e
o effective2-1 couplingg, , =2 3/2" f* m_ (important for phenomenology)
\_
1: Search extended to axion-like particlesSLP3# r
.w Light (pseudo)scalars withZal coupling g, with |
generic relation withm_ , J&
Ll i &

Pseudoscalar belds with axion-like properties generically arise
e.g. in string theory compactibcations as Kaluza-Klein zero
modes of antisymmetric tensor bel@Sthe phaseO counterparts
of the moduli describing the OsizeO of the compact manif

P. Svrcek and E.Witten, OAxions In String Theory,0 JHEP 0606, 051 (2006) [hep-th/0605206]

A.Arvanitaki et al.,OString AxiverseO PRD 81, 123530 (2010) [09D5.4720]

what has all this to do with high energy astrophysics?



UNRELATED (?!) TOPIC: OHILLASO P

15

w
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I
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SNR
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Any accelerator (including cosmic ones!
must be able to contain the particle: Larmgr
Radius must be smaller than the size of the

accelerators>r,

. _ PL _ 1 pc P 1uG
"L=ZeB~ Z \PeV/c) \'B

UHECRSs extend at least up to ~3 ¥&V
E  =93x10"e¢V xB..s
max 7 ° G" pc

should be realized
BGSpC =0.3 in nature...




ALPS & GAMMA/RAY ASTROPHYSIC

For a photon propagating in a domain of ssze g Bs K\
with uniform beldB along its direction, neutrino- P = sin2(26)sin il 1+
3 5 . 4M - osc
like oscillation probability formula holds (leading 2 E}
to ~30% [ux distortions...) e .
m
-2
. sin“(20) = K = TS
P.S. with D. Hoopéhys. Rev. Lett. 99, 231102 (2007) 1+ (K/E)Z o) B
\. gaY J
(' -
Large phases (large conversions) for 2
unexplored range of coupling naturally K., =—% 15g, B.s =1
i . eV O 4 B 11 G pc
(expected for Hillas-efbcient accelerators! 8P
]O [T T TTTII T TTTTT T TTTII T T TTTT] T T TTTT] T TTTT TTTT
g : 9.0 .
E : """" B=500 mG :
> -
E 1= - 2
é C ] (\(\e )
s 0 LN S e i3
E - 1\,\653 Gy C\\)de o Y-ray cccessible &
z | ) 3 S ]
x ¢ ]
T 0.1 | ]
r  K.Hochmuth and G. Sigl, _
[ PRD 76 123011 (2007) 12.0¢ . T
i 1 \HHH‘ \\HHH‘ \\HHH‘ \\HHH‘ \\HHH‘ \\HHH‘ \\HHH‘ Ll 18 8 6 "' ) :'
0.001 0.01 01 1 10 100 1000 1p* 10f l6G10(me/eV)
E [GeV] ' '




X-RAY POLARIZATION

r ~\ 0.40 —
Propagation of X-rays from distant sources 035} --- $=18*14 X
(e.g. GRBs)+ ALP conversion in extragalacfic

B-Pelds may yield peculiar polarization o _
features wrt Energy and/or distance 0.5 degree of linear

polarization

(possibly analogous signatures associated fo ™ %2 ,
crossing of the Galactic magnetic Peld) o5l !

\_ J !
0.10f I

1.00 0.05k /
""""" HL , - 7
- - = i 7

0.95 P, (numerical) | 0.00 —aols
—— P, (analytical) 10

0.901

N. Bassan, A. Mirizzi andRdncadelli,
OAXxion-like particle effects on the polarizatior
cosmic high-energy gamma sources,O
JCAP 1005, 010 (2010) [1001.326

0.75f

0.701

0.65
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CASE OF COMPACT OBJECTS

| mn 2
Robj Bé\bRizab % 1
R c* 8G

. . . |b t ) t | n | n
clear advantage in celestial environments ~ P#a "> "P" T By * Rap “ o
d I | d h I I | Pcelestlal objects B R
ue to large B Pelds coherent over large lengt I

a

" $ I# 4| VAA W O Re.latively simple Schroedinger-like mixing equatio_n leads to
$ / \" rich & complicated phenomenologlye to the medium
A #

e.m. Peld components & axion beld
(acting as Oadditional polarization stateO)

| |
I nn ' "
L Ly 0 |
| : I I A
| = "# #t #a | H 10" T T T T T T T T Ty -
I O ' # | aa ' a 1~ 1\ 1l I :11 I . - - - 1
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D. Chelouche, R. Rabadan, S. Pavlo(Z.asnéJEn,. . 10" e P odcls v quasars |
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CASE OF COMPACT OBJECTS, CONT

f ) !
ex.:X-ray binary Oconversion dipsO

different densities and temperatures 0'9
0.8
| x
gw= 10 °eV 2.0
5 |9 v Tg e
g= 10° " GeV" 2
. y, '

0.8

D. Chelouche, R. Rabadan, S. Pavlov aBdsfejon, /
OSpectral Signatures of Photon-Particle Oscillations from 0.71 n=10"2em' 3
Celestial Objects," ApJ. Suppl. 180, 1 (2q08P6.0411].

< > ”\u‘
optically thin © optically thick .
/\/p\ﬁoton! particle conversion

/

10" - : Can beidentibed? May be difbcult in practice, although
- argued that dependence of rest-equivalent width/signe

from variables is very different from corresponding atom
lines: peculiar shape and variability features expected

photon! particle conversion

Wo (arbitrary units)

atomic lines

certainly deserves further studies, especially
if puzzling features were to be observed!

Il Il Il
10" 10"° 10'? 10' 10

path-length, coupling!: 9 (arbitrary units)



3. COMPACT OBJECTSE ALSO
PROBE DENSE MATTER!



The QCD phase diagram poorly known: no way to probe
the high density regime (notably the OcoldO one) in the i
the EOS P=PR() is an ex. of poorly known observable

EOS OF EXTREME MATTER

Owhat happens to matter if you squeeze it more and mor&O

f

P=P@) can be constrained in astrophysics via thass-
radius relation, since it allows one to close the systen

\

dP _ | G(mc? +4"r’p)(#+ p)

dr ~  rc3(r! 2Gmic?)
d_m:4"fr2 #= n(myc® + E)
dr c?

—

J

127 (2016) [1512.0782D

|

A
heavy ion
collider
gas CFL
7 —  —_—____ . >
nuclear neutron star |J_
superfluid ]

J. M. Lattimer and M. Prakash,OThe Equation of State of
Hot, Dense Matter and Neutron Stars,O Phys. Rept. 621,

Andreas Schmitt

ODense matter in compact star
- A pedagogical introductionO
Springer



MASS-RADIUS RELATION

f

¥ Gravitational redshift of lines

A number of observables have been proposed to determine masses & radii of NSs, with the
usually more challenging. Some handles relying on (current or fuXdray observations are:

s=1! (1! 2GM/Rc ?)' ¥2

¥ linked to Stefan-Boltzmann blackbody formula | _ 4] R2u -|-4
(or modifs., provided it applies!) ]

¥ modulation of X-ray pulses in accreting systems via GR effects

~\

 |atte
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0.8 Quark star ‘/"
i -Or (QCD O( ).~ Hybrid
i i - . 2SC+HHJ
-/ astro-ph/060510 1 i e K ( )
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COOLING

~ A
Alternative diagnostics exploit cooling of NS
dT
G — S R R
dt

very fast one observed for Cas AChandra data)

C. 0. Heinke andW. C. G. Ho, ODirect Observati

the Cooling of the Cassiopeia A Neutron Star,0| |

719,167 (2010) [1007.4719

DI

. J

most likely cause: recent transition
of inner NS to a superf3uid phase!

ORapid Cooling of the Neutron Star in Cassiop

PRL 106,081101 (2011) [1011.6142]; See alsq

OStellar SuperRuids,O [130216626
. Y

D. Page, M. Prakash, J. M. Lattimer and A.W. StIine
bia /
Triggered by Neutron Superf3uidity in Dense Matter,

Control function R
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4. GRAVITY



TESTING GRAVITY IN NEW REGIME

T. Baker, D. PsaltisS&ordis,
Q.inking Tests of Gravity On All Scales: f
the Strong-Field Regime to Cosmolog
ApJ 802, 63 (2015)1412.3455

: - ")
No high precision GR tests, apart for speciba
conditions: Is GR altered for conditions very far
away from solar system ones, for instance?

¥ Quasi-periodic oscillations of X-ray 3ux 107 I .
¥ relativistically broadened Fe-lines 10
-18

¥ thermal emission from the innermost regions
of the accretion disks 0

Satellite
®

o]
@
zZ

have all been proposed for such diagnostics, 4.4
testing that BH are described by Kerr solution

=
o
ITTTETTTTTTTT T T TTH

=4

C.Bambi and E. Barausse, OConstraining thé Ss

quadrupole moment of stellar-mass black-holg
candidates with the continuum btting method, '
ApJ 731,121 (2011) [1012.2007 O p

MB peaks

GaIaX|es Y)Clusters

=
o
TTTTTTTTTTI

curvature, ! (et
H
o
w w
N o

T. Johannsen and D. Psaltis, OTesting the NofHair
Theorem with Observations in the Electromagrjetic — Lambda
Spectrum. IV. Relativistically Broadened Iron Lipes 00 \\p(k)| 9

ApJ 773,57 (2013) [1202.6069 10™% RN R TR T MY O IO

/) -12 -10 -8 -6 -4 -2 0

HITTTTLITTTTTTT
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Potential, -



FORECAST FOR LOFT/ATHENA+

- =
T. Baker, D. PsaltisS&ordis, 10 240
Q.inking Tests of Gravity On All Scales: frori -
the Strong-Field Regime to Cosmology;q =
ApJB02, 63 (2015)1412.3455 o 2
-23 e .

LOFT & Athena+ should be able to e ° = sor
make these measurements for BH with 10 nv.Sd.  ppN -

masses fron$ 5 My, to >10° M% W 107 Epom  constraints e

\g-/ 10 -32 E
— 107 B ol =
1-10 Schwarzchild radnark the & *° S\ e ]
boundary of the yellow box. AR g =
Distances greater than 10R 12 P -
become difpcult to probe, R R R iy M o F -
because the relativistic 10 By i .~ Planck 3
broadening of thé& 6.5 keV K3 ok GAIR) _ A =
line cannot be disentangled from 10" \?\\Facility -
other astrophysical effects on its 10 BAO NDETF4 =
intrinsic width. 0 o e T
10 10 10° 107 10 N ioREEEEGE

1]
Potential,



5. FULL CIRCLE, BACKTO
COSMOLOGY



COSMOLOGY FROMdss IN CLUSTERS

See Gabriel PrattOs lectures

L

Single cluster can be used to determine the fraction of mass e "
in hot gas, whose z-evolution depends on cosmology! gas TRt

Ly | n2V Ly =4! df Fy

(since due to collisional processes) by def. of luminosity distance

by equating and remembering that V =41 R3/3=41("da)?/3

oneinfers: N | dL /d %\-5 and Mgas | nVv ! dL d%\S

since total mass from hydrostatic M (r) = ! rkT(r) dinn  dinT
Equilibrium scales ag d Gum, dinr  dinr

I' - 11
one gets the baryon to total-matter ratio, fgas 1 M gas/M dL dR.S

times a cosmo-dependent scaling factor |

S.W.Allen et al.,Olmproved constraints on dark energy from Chandra X-ray observ.
of the largest relaxed galaxy clusters,”" MNRAS 383, 879 (2008) [arXiv:(706.0033



COSMOLOGY FROMdss IN CLUSTERS

Comparison with data, forOcosmology-correctedO observable predicted to be
constant with z (but correction dependent on actual cosmological model)

DM
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S.W.Allen et al.,Olmproved constraints on dark energy from Chandra X-ray obse
of the largest relaxed galaxy clusters,” MNRAS 383, 879 (2008) [arXiv:(J706.00



X-RAY CLUSTER SURVEYS & COSMOLO:

Essentially from endpoint of the halo mass function

d*k
(2#)°

1 2(M,a) = W2(kR) P (k, a). f)= A SR

variance of linearly evolved Buctuations, OtheoryOmotivated function (excursion models, where halos collapse wt
pltered at some mass-scale. above critical Ructuations) adjusted to simulations (e.g. Sheth Tormen, et

QM =0.25, Qp =0.75, h=0.72 QM =025, Qp =0, h=072

4 m 1076 <
=
=
m
- = 1077 =
s
A
- = 10°8 -
e 220025-0.25 E 107° L 720025-025 :
F z=055-0.90 ] F z=055-0.90
L | | | i PR | | | | Lo N
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S.W.Allen,A. E. Evrard and A. B. Mantz, OCosmological Parameters from Observations of G
Clusters,O Ann. Rev.Astron. Astrophys. 49, 409 (2011) [arXiv:]1103.4829



X-RAY CLUSTERS & COSMOLOGY

Relatively easy X-ray identiPcation of clusters; relatively clean patbniplete cluster
catalogues (critical for cosmology with cluster count®w currently usedE even to
constrain gravity to the largest scales!

1
1.6 . T . . QQF T T T T T T T T ool " CDM
14 Cluster fgas [B]with XLF
' [B]without XLF ]

12

1 o 07] ; B zz """
06 E 0.6 S 4l
0.4 s zi
o2r

0 0.0 0.5 1.0 1.5 2.0 o ;

0 0.2 04I 0.6 0.8 1 Zm, (ev) !01'%.3 !1i2 !1i1 !i !ojg !ojs 10.7

m w (expansion history)

establishingt CDM constraints to& masses BB 10 i)

gravity

Of course, many issues still to settle (e.g. bias!), especially for the
forthcoming Ohigh precision cosmologyO! More on dedicated lecturesk

S.W.Allen,A. E. Evrard and A. B. Mantz, OCosmological Parameters from Observati
Galaxy Clusters,O Ann. Rev.Astron. Astrophys. 49,409 (2011) [arXiJ:1103.4829



CONCLUSIONS/TAKE-HOME MESSAGE

I Virtually any new astrophysical window has been exploited to learn about fundamental physics.

I X-ray astrophysics is no exception, since this emission is often associated to environmental conditiong
far from the ones probed in terrestrial labs.

I 1 quickly recalled the role X-rays is currently play in mapping Dark Matter observables, alone or in
conjunction with other probes (such as lensing)

I | have argued why X-rays are not usually a good probe for WIMP DM O[iagnosticsE but does not mean
they cannot contribute to more exotic DM candidates (DM searches are Otheory-biasedO, keep an open

I X-rays can also probe new particles invoked in the solution of particle physics problems, such as axiof
generalizations of them arising e.g. in string-theory (axion-like particles). Usually, neutrino-like oscillation
photons into axions in external B-Pelds offer a great handle.We are also quite sure that Natural labs exc
the reach of terrestrial ones in parameter space (e.qg. Hillas criterion & UHECRS) !

| Compact objects, notably neutron stars, offer one such environment; at the same time, unique lab to e
Ostandard physicsO such as QCD in a density regime which is impossible to probe on Earth.

I X-rays are also messengers to probe gravity in poorly explored regimes of curvature/potential

I In current cosmological context, signibcant auxiliary tool to probe dark energy/modibed gravity!




