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Gravitational Dark Matter

 Dark Matter is:

* Dark

* Cold
Stable
Prevalent



Neutron Stars: The Big and the Small |

*Big:~1.4m,
. Sméll: Compressédinto 10 km

* Bi g:'Can spin _upto 700 51 (0.2 c at surface)

* small: Oblate spheroid to < 1 partin a million -



Neutron Stars: Pr"eci'sion Physics

Neutron star spm among the best measured
quantltles in phys:cs -
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Curvature Radiation

- Changing magnetic field produces electric field

Inverse Compton
scattering (ICS)

/

Synchrotron
radiation

~~ Secondary
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Photon
splitting
Primary
electron

Primary photon
NS surface (resonant ICS)

+ 1000 PV potential available to accelerate particles
Ruderman & Sutherland (1975) N S : |
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CRAB PSR B1509-68 PSR B1706-44 PSR B19851432 GEMINGA PSR B1055-52
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A Window Into Extreme Ph SicS

— M13 Ozel et al. (1505.05155)
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A Window Into General Relativity
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Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of
~1.7 s with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky
region of 31 deg? at a luminosity distance of 407§ Mpc and with component masses consistent with neutron stars. The
component masses were later measured to be in the range 0.86 to 2.26 M. An extensive observing campaign was
launched across the electromagnetic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the IAU identification of AT 2017gfo) in NGC 4993 (at ~40 Mpc) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (IM2H) team using the 1 m Swope Telescope. The optical transient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ~10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position ~9 and ~16 days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV /optical /near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.




A Window Into Astrophysics

reflections vs!ith energy gain — SHOCK reflection with energy loss

-

o AMS-02
o PAMELA
A Fermi

Positron fraction

10
e* energy [GeV]

Positron Excess




A Window Into Fu'rid'a mental Physics

* Sensitive probes of rare processes:
1. Nuclear densities OVéf'_maCVOSCOPiC. distances

2. .Stfdngest magnetic fields in the universe

* Precise measurements are possible



A Window Into Fu'rid'a mental Physics

 Sensitive probes of rare processes:

2. .Stfdngest magnetic fields in the universe

* Precise measurements are possible



Searching for Dark Matter Interactions




Direct Detection: Experimental Efforts
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Neutron Stars: The Optimal Direct Detection Experiment

Neutron Star

* 3x 1030 kg
* 2 x 1010 days
6 X 1040 kg day
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Neutron Stars: The Optimal Direct Detection Experiment

* Neutron stars are so
dense that they are
optically thick to dark
matter
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* This saturates the sensitivity of neutron stars to dark matter



Neutron Stars: Astrophysics Enhancements

* Neutron stars gravitationally attract nearby dark
matter

Neutron star

* Interaction scales as vy, very sensitive to slowly
moving dark matter



Neutron Stars: Astrophysics Enhancements

 Neutron stars are a dark matter collider

When dark matter hits the neutron star
surface it is moving relativistically:

2GM

Uesc — - g 07

« Can probe p-wave suppressed dark matter or dark
matter mass splittings



Neutron Stars: Particle Physics Complications

Typical NS neutron momentum is:

F,n ~ (0.45 GeV (,UNS/(4 X 1038 GeV Cm_3))

Pauli ~_ 2
Usat — 7TR




Neutron Stars: Particle Physics Complications

Dark Matter kinetic energy lost in a scatter with a proton is:

n 2
Eloss — _p(mXU )

m X

Very heavy dark matter requires multiple interactions:

groultl ~ 951074 ¢m? ( L ) (1'5 M@) ( i )2.

sat

PeV M 10 km




Neutron Stars: Particle Physics Complications




Detecting Dark Matter Scattering in Neutron Stars

Part I: Neutron Star Heating




Dark Matter Induced Heating

Energy In = 80-
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DM-NS collisions impart significant energy into the NS:

Es ~my(y—1)

This induces blackbody emission of luminosity:

- Es. _
Bro= =1 1.4 % 10% GeV 572 ({

M

Baryakhtar, Bramante, Li, TL, Raj (1704.01577)



Dark Matter Induced Heating

Energy In = 80-

7000 K

g 8 3

8 3
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e

spectral radiancy (W/mzlpm)
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106 800 1000 1200 1400 1600
gavelength (nm)

If Dark Matter subsequently annihilates, additional energy is
injected (de Lavellez & Fairbairn (1004.0629))

Baryakhtar, Bramante, Li, TL, Raj (1704.01577)



Detecting Hot Neutron Stars

Potekhin & Chabrier (1711.07662)

* Thermal emission detected from - L4 ___E?SQZU“E“'
N g +':‘:2i3 o)

anom. axial

\ { 36 42 PBF contrib.
’- \ 43 30 28

N
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young neutron stars

* Older neutron stars continue
cooling

10 100 1000
t (yr)

1 10 100 1000 10* 105 108 107
t (yr)

 Dark matter sets a minimum
temperature of ~2000 K (1022 erg)
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Detecting Thermal Emission

* Observations at 2000 K require infrared telescopes

JWST GMT
10 njJyin 104 s 0.5n)yin105s

* A pulsar at 10 pc would have a flux of ~2 nJy at 2 microns

Baryakhtar, Bramante, Li, TL, Raj (1704.01577)



What Do We Need?

1. A nearby pulsar (10-20 pc).
* Closest observed pulsar: 90 pc (PSR B1055-52)
* Average Distance to nearest NS: 10 pc (sartore et al. 0908.3182)
* See Talk Tomorrow!

2. A model to separate thermal from pulsed emission

3. Constraints on thermal injection sources, e.g. gas
accretion and magnetic heating.



Detecting Dark Matter Scattering in Neutron Stars

Part II: Dark Matter Collapse




The Secret Life of Dark Matter Inside a Neutron Star

® Capture - DM hits neutron and elastically scatters

®* Thermalization - Trapped dark matter thermalizes with
neutron superfluid. If dark matter can annihilate, it will.

= Dark matter degeneracy pressure not capable
of preventing collapse.

Bramante & TL (1405.1031)
Bramante & TL (1601.06784)
Bramante, TL, Tsai (1706.00001)






Dark Matter Parameter Space

* Requires dark matter to be non-annihilating.

® PeV Fermionic Dark Matter

1 ferm -~ A3 y.
M M, /'y

crad

® Bosonic Dark Matter

® Attractive Self-Interacting Dark Matter
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Strong Constraints are Possible

McDermott et al. (1103.5472)
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A Signal

10% of Star Formation in central 200 pc of Milky Way
P
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: Only one (very young) pulsar detected
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A Signal

10% of Star Formation in central 200 pc of Milky Way

&
e : Only one (very young) pulsar detected o

The Missing Pulsar problem!

ALERT: THIS BIKE IS STOLEN |

<.
. —~ \ |

5,

This N.O.W. bikers group bike has been stolen from Gautam Nagar area in New Delhi on 10th December 2010. Any one who sees or



The Missing Pulsar Problem Dexter, OrLeary (1310.7022)
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No pulse dispersion in X-
Rays

Pulsar Period (s)

Magnetar subsequently found in radio
Pulse dispersion is small!

Why aren’t any other pulsars observed !?



The Missing Pulsar Problem B 1405-1031)

e High Dark Matter g A
density near the GC. |

e GC NS collapse in
~105 yr while nearby ww-:,
NS remain.

e Constrains cross-section to within a few orders of
magnitude.



Bramante & TL (1405.1031)

10 100 1000 104 10° 106 107
DM Mass m, [GeV]



Bramante & TL (1405.1031)

Max Pulsar Age |yrs]

104 0.001 0.0l 0.1 1 10

Radius from galactic center [kpc]



Hard to detect dark matter through a null observation.

What observations stand as evidence of dark matter
induced neutron star collapse?
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An Electromagnetic Signal

* Gamma-Ray Bursts (observed

. : 2250

by Fermi)
: 1750 ] I

: 1500

1250

1750
1500

+ Optical emission from the

1000 | Mol L I
I

decay of r-process elements IR

Lightcurve from INTEGRAL/SPI-ACS

2]
= 120000 4 (> 100 keV)

3 117500
&
= 115000 11

S 112500

- Fast Radio Bursts are
potentially correlated with
NS mergers.

-6 —4 -2 0

Time from merger (s)




An Electromagnetic Signal

No DM Induced Collapse DM Induced Collapse

NS NS

O

Light Light




An Electromagnetic Signal

No DM Induced Collapse DM Induced Collapse
NS NS
Light
@ o

Light
o0
v Gravity




New Phenomena

th iht Light Gravity

Merger Kilonovae| Quiet Kilonovae Dark Mergers

Electromagnetic signals | Electromagnetic signals | Gravitational waves
and gravitational waves | without gravitational without any
jointly identified. waves. electromagnetic signal.

(proportional to ppm). | (proportional to ppm).




Two Methods

 Two methods to isolate dark matter signal:

1. Look in regions where dark matter induced
signal is dominant (e.g. dwarf galaxies)

2. Examine the spatial morphology of events in
and extract dark matter density profile.



Milky Way-like Galaxy after 13.8 Gyr

Finding Dark Matter
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 Search for morphology
correlated with dark
matter density.

Fraction of Black Mergers

- ADM2 model already in
tension with GW 170817.

Quiet Kilonovae [yr! kpc!]

Galactic Radius [kpc]




Constraining Dark Matter - Merger Kilonovae




Finding Dark Matter - Fast Radio Bursts
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What Do We Need?

1. New Observations of NS Mergers (gravitational waves,
electromagnetic emission, fast radio bursts).

2. Localization of the electromagnetic signatures within
galaxies.

3. Improved models for the electromagnetic signals from dark
matter induced NS collapse.



A Window Into Fu'rid'a mental Physics

 Sensitive probes of rare processes:
1. Nuclear densities over macroscopic distances.

2. .Stfb}ngest magnetic fields in the universe.

. .Pr.e_ci'se measu rements are possible';



One Slide on Axion Dark Matter

Axions proposed to solve the strong-CP problem

Axion Field ¢

If this constant is promoted to a field,
its self-interactions drive it to O:

p—t

This term must couple to the EM field,
allowing for decays to photons:
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Marsh (2015; 1510.07633)



Detecting Axion Dark Matter

 We can search for the resonant
decay to photons:

frequency (Hz)
10° 108

SN 1987A

T 1T T T 17T T T 1T T T T"1T

1078

mass (eV)



Neutron Stars: The Optimal Axion Laboratory

Neutron Star
¢ 1010 T




Neutron Stars: The Optimal Axion Laboratory

* Resonant interactions Mitra et al. (1510.00103)
occur when plasma v for FZ600 and == 1", for I =300
v, for y =200 and «=10
frequency equals the i v, for y =200 and k=10

vy for y =200

axion mass:
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wp ~ (1.5 x 10° GHz) (

=06X 104 eV

Distance from NS in r/RLC

* Need detailed model of NS magnetic fields.

re(0,0,,,t) =224 km X ‘SCosﬁrﬁ-f' — cos@m|1/3><
1/3

( 70 )x By 1 sec 1 GHz\ *
10 km 104G P Mg,

Hook et al. (1804.03145)



Neutron Stars: The Optimal Axion Laboratory

— RX J0806.4-4123 QCD Axion

— INS in M54 Bl CAST

— SGR J1745-2900 (NFW) Bl ADMX

— SGR J1745-2900 (DM spike) ADMX Projection

* Can place complementary constraints on the QCD axion.

» Specific to models where axions are the dark matter.
Hook et al. (1804.03145)



What Do We Need?

1. Nearby, highly-magnetized pulsar.

2. Better models of the pulsar magnetic field.

3. Sensitive observations of radio lines (different
techniques than traditional pulsar searches).



Finding the Right Neutron Star

DM-NS
Interactions

Constrain Find Neutron
Astrophysics




‘The Program

1. Understand Dark Matter/Neutron Star Interactions

DM-NS
Interactions

+ Can already set strong constraints on some models
1. Asymmetric Dark Matter
Constrain Find Neutron

2. Axions Astrophysics

« Can probe extremely generic dark matter models.



‘The Program

1. Understand Dark Matter/Neutron Star Interactions

DM-NS
Interactions

+ Can already set strong constraints on some models
1. Asymmetric Dark Matter
Constrain Find Neutron

2. Axions Astrophysics

« Can probe extremely generic dark matter models.

2. Differentiate dim dark matter signals from astrophysics
- Need detailed models of neutron star physics.
- Requires observations of pulsars with “special” attributes
1. Nearby
2. Strong Magnetic Fields

3. Not Beamed Towards Earth



e _Kéane et al. (1',50'1'.;00056)'







Chawla et al. (1701.07457)
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Conclusions

® Pulsars have unique characteristics that are optimally
suited for new physics searches.

® Early studies can set strong constraints on the
asymmetric dark matter and axion parameter spaces.

®* Our observational techniques are in their infancy. The
next decade will revolutionize the field in several
directions.



Extra Slides



What iS the r'prOCESS? The Origin of the Solar System Elements
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Two Methods

pure r-process

-18 -16 -14 12 -1 -08 -06 -04 -02 0 02 04
[Fe / HJ

 In looking for dark matter dominated objects - we
must look for archeological events...




Dark Matter Induced Collapse in dSphs

« The dispersion velocity in dwarfs is also small.

e Reticulumll: 3.3 +/- 0.7 km s-1 (Simon et al. 2015)

« Dark matter accumulation rate scales inversely with
velocity:
2GMR ( 1

My = T Px
Ux

N 1026 GeV ( )
~ . :

« Dwarf Spheroidal Galaxies are an optimal laboratory
for asymmetric dark matter detection.



Dark Matter Induced Collapse in dSphs

* Reticulum Il dSph

* Discovered by DES in 2015

» Spectroscopic follow-up ?’t K
determined r-process ft?

abundances. R
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 Large r-process abundance, )
but low metallicity! .
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[Fe/H]




Dark Matter Induced Collapse in dSphs
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« Supernovae produce
~100 events.

* Mergers produce
~0.0005 events

DM induced collapse
produces ~0.1-3 events.
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Dark Matter Induced Collapse in dSphs

* Prediction: Globular Clusters should not be similarly r-
process enriched.

* In fact, no globular
cluster has been

observed to have an r- o —

process - *NGC 1851
| | xNGC 6752

overabundance field

exceeding 1.2 dex.

» 6 of 9 stars in Reticulum Il have r-process enrichment
exceeding 1.68 dex.



Emission Morphologies
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Evolutionary History of Millisecond PuISar
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Dark Matter Thermalization

e Dark Matter
thermalization is always
suppressed by Pauli
blocking.

0.001
---- McDermott, Yu & Zurek, ref. [ 18]

Numerical result
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e Superfluidity and
superconductivity effects ..
in the NS core also have a 104 0.01

o Mass of DM [|GeV
sizable effect. ass ol DV 1oev ]

e However, if DM is trapped within the NS, interactions are inevitable.
in pessimistic scenarios, DM thermalizes in a timeframe:
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Dark Matter Collapse

Two paths are possible:

If dark matter can annihilate, the large densities make
annihilation inevitable.

, dark matter builds
mass until it exceeds its own degeneracy pressure.
For Fermionic dark matter this is:




Gravitational Waves from NS Collapse

Gravitational Waves from DM induced collapse

h, ~ 5 x 1022 ( M ) (10 kpc) @ 531 Hz,

Mgy D

Single NS collapse models Ap/p=2%
have been considered 0050 only 122
(primarily from accretion

induced collapse).

DM induced NS collapse
observable throughout
the Milky Way (0.01 yr-17?)

o (J/M2)4




Differentiating Black Hole and NS Mergers

Anomalies in the tidal strain of binary neutron star mergers.

DM induced NS collapse | .
produces a population of 1.4 i R
M, black holes.

Can potentially see differences
in merger and ring-down, but
not presently feasible.

— Numerical relativity
I Reconstructed (template)

Separation (Rg)
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Particle Physics Mash-Up
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- Low mass axions can mediate forces between inspiraling
neutron stars, providing effects comparable to gravity.

» LIGO observations can probe the low-mass axion window.

Hook et al. (1708.08464)



Indepen-
dent
para-

meters

Description

Physical baryon density parameter[a]

Physical dark matter density parameterl@
Age of the universe
Scalar spectral index

Curvature fluctuation amplitude,
ko = 0.002 Mpc™

Reionization optical depth

Value
0.022 30 +0.000 14
0.1188 +0.0010
13.799 +0.021 x 109 years
0.9667 +0.0040

2.441 T2 x1079117]

0.066 +0.012
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Scalar spectral index 0.9667 +0.0040

Curvature fluctuation amplitude, +0.088
: —9[17]
ko = 0.002 Mpc—T 2.441 _5 090 X 10

Reionization optical depth 0.066 +0.012



urvature fluctuation amplituae, +0.088

-9[17]
ko = 0.002 Mpc™ 2.441 "1 000 X 10

Reionization optical depth 0.066 +0.012
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One Slide On WIMP Dark Matter
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* The standard WIMP freeze-out scenario is still the hest-
motivated model to explain the Dark Matter abundance.




Direct Detection
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Dark Matter Flux Depends on NS EOS

DM Kinetic Heating DM Annihilation & Kinetic Heating
nlJy at 2 um at 10 pc nJy at 2 um at 10 pc




Axion and Neutrino Cooling in Neutron Stars

KSVZ, f, =3 x 108 GeV, T =5 x 108 GeV
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Hamaguchi et al. (1806.07151)




Margutti et al. (1801.03531)

Simulations
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One More Slide on Axion Dark Matter

Axions proposed to solve the strong-CP problem

Axion Field ¢

This is the sum of two different terms,
that independently must be small.

p—t

Oqcp + arg det M, S 1077

This provides you with an independent
way to solve the strong-CP problem - by
setting my = 0.
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102
However, this appears to be at odds with Scale Factor a/a;

experimental data. Marsh (2015;: 1510.07633)




QCD Axion Mass Bounds

QCD Axion obtains its mass from its decay constant and the
coupling to quarks:

The high-mass range of the QCD axion (low-f3) is set by the
constraint that the axion never comes into thermal equilibrium
(and light-through a wall and astrophysical constraints).

The low mass (high-fa) limit is set such that axions don’t
overclose the universe:

Quh* ~ 0.23x107%°(f,/10" GeV)'"™ 62 F(6;)

Raffelt 1995
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Goldreich-julian Current

Kalapotharakos et al. (1108.2138)
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NS is a conductor with a strong rotating magnetic field. Thus, an
electric field and current are formed.

In these simulations the NS is not a perfect dipole.
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Dark Matter Induced Collapse in dSphs
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Pulsars Produce the Positron Excess

Geminga - Geminga
a=15 R N a=1.9

« Can calculate the gamma-ray spectrum necessary to fit
the Geminga data from HAWC and Milagro

« Can use this to calculate the underlying steady-state

electron and positron spectrum
Hooper, Cholis, TL, Fang (1702.08436)



Pulsars Produce the Positron Excess

 Utilizing a diffusion model, along with the steady state
electron spectrum, and the morphology of the emission, can
calculate the fraction of the electron energy lost before
escaping the halo.

* Less energetic electrons make it to the ISM!
Hooper, Cholis, TL, Fang (1702.08436)



Pulsars Produce the Positron Excess

* In these models, Geminga oem e
naturally produces ~50% of
the positron excess.

« The total contribution from the
remaining Milky Way pulsars
produces the remaining Sum

Geminga

emission. B0656-+14

Other Pulsars

 Difficult to understand TeV
halo spectrum if pulsars do not
make the positron excess.

Hooper, Cholis, TL, Fang (1702.08436)



Pulsars Produce the TeV Excess

« Milagro detected bright | — Total Gamma-ray Flux
. —— TeV Halo Flux
diffuse TeV emission | — Hadronic Diffuse
o 65° <[ <85°
along the Galactic plane. bl < 2°

* The intensity of this

emission is incompatible Fermi-LAT

with hadronic models Maore

constrained by Fermi 10 100 1000 10*  10°
and Argo-YBJ data. g it

TL & Buckman (1707.01905)

* TeV halos produce a hard spectrum component that
naturally explains the intensity and spectrum of this
emission.



Pulsars Produce Anisotropic Diffusion

D = (3.86 x 10% ¢cm?/s) E33
d = 200 pc

« Diffusion nearTeV halo is
known to be suppressed
- by two orders of
magnitude!
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« Diffusion constant near
us must be high to
explain observations of
10 TeV electrons.

D = (3.86 x 10%® ¢cm?/s) E"%
— — 200 pc
- --9500pc
* Pulsars produce regions
of low-diffusion, where

TeV halos shine!
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Hooper & TL(1711.07482)



Pulsars Produce Anisotropic Diffusion

« Cosmic-Ray electrons
produced by the pulsar
obtain a steep gradient.

« This excites Alfven
waves moving parallel to
the electron gradient.

27 clu 0
C(k) — ‘ A’ [4 ];]
pro

3 kW(k) Uy

e These Alfven waves dominate cosmic-ray turbulence,
because they are resonant with the electron energy -

leads to low diffusion
Evoli, TL & Morlino (TBS)



Pulsars Produce Galactic Center Pevatron
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Hooper, Cholis, TL (1705.09293)

Diffuse Emission
a=22 E.=100 TeV
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T
[05]
R

&
Q
>
e
Eq?‘
3
~
=
3
N -
Sa

e The spectrum of the HESS
pevatron looks like the
Geminga spectrum.

 Diffuse electrons can be
made via pulsar natal kicks.



Radio Pulses: A Blessing and a Curse

Period Derivative (s s)

Radio
y-ray/radio-faint
y-ray/radio-loud

10 10°

Period (s

Harding (2016; | Plasma Phys 82)

INTENSITY AS A FUNCTION OF TIME
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A New Method for Detecting Invisible Pul




A New Method for Detecting Invisible Pulsars
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Discovering Pulsars at TeV Energies

®*5/ 39 sources in the 2HWC catalog are correlated with bright, middle-aged
(100 — 400 kyr) pulsars.

2HWC ATNF |Distance| Angular | Projected Expected Actual Flux | Expected | Actual | Age |C
Name Name (kpc) |Separation | Separation | Flux (x 10~ ') |Flux (x 10~ %) | Ratio | Extension | Extension | (kyr) Overlap
O700+14 BO656+14 | 029 | 0.18° | 091pc | 430 | 230 [187| 20° | 173° [111]| 0.0 |

063111691 1063351746025 | 089 | 8 pe | 467|487 | 00| 20" | 307 32| 00

T1831-008 |11831-0952| 3.68 | 004° | 2.57pc | 740 | 958  |0.080] 0.4° | 0.9° | 128 0.006

®* 12 others with young pulsars

® 2.3 chance overlaps
* TeV emission may be contaminated by SNR

2HWC ATNF |Distance Angular PrOJected Expected Actual Flux Expected Actual Age

003 | 367pe | 232 | “m
061
171 172] 004
T1928+177|11928+1746] 434 | 003° | 227pc | 808 | 100|081 OII° | 00° |826] 0.002
047] 02° | 08 [195] 026
00 |77 001

T1857+027|11856+0245| 632 | 0.02° | 1324pe | 110 | 970 01| 008° | 09° [206] 006 |

71825134 11826-1334| 361 | 020° | 1266pe | 205 | 249 [0082 0.14° | 09° [214] 014
71837065 | 11838-0655| 660 | 038° | 4377pe | 120 | 341 [0.035| 008° | 20° |227] 048
T2006+341[12004+3429| 108 | 042° | 8007pe | 048 | 245 [0019] 004 | 09° |185| 008

TL et al. (1703.09704)



Astrophysical Implications of TeV Halos

®* TeV halo observations solve many astrophysical puzzles

® Prove that pulsars produce the positron excess
(Hooper, Cholis, TL, Fang 1702.08436)

®* Explain the TeV gamma-ray excess
(TL & Buckman 1707.01905)

®* Explain inhomogeneities in cosmic-ray diffusion
(Hooper & TL 1711.07482) (Evoli, TL, Morlino, TBS)

* Explain TeV gamma-rays from the Galactic center
(Hooper et al. 1705.09293)



Discovering Pulsars at TeV Energies

®*5/ 39 sources in the 2HWC catalog are correlated with bright, middle-aged
(100 — 400 kyr) pulsars.

2HWC ATNF |Distance| Angular | Projected Expected Actual Flux | Expected | Actual | Age |C
Name Name (kpc) |Separation | Separation | Flux (x 10~ ') |Flux (x 10~ %) | Ratio | Extension | Extension | (kyr) Overlap
O700+14 BO656+14 | 029 | 0.18° | 091pc | 430 | 230 [187| 20° | 173° [111]| 0.0 |

063111691 1063351746025 | 089 | 8 pe | 467|487 | 00| 20" | 307 32| 00

T1831-008 |11831-0952| 3.68 | 004° | 2.57pc | 740 | 958  |0.080] 0.4° | 0.9° | 128 0.006

®* 12 others with young pulsars

® 2.3 chance overlaps
* TeV emission may be contaminated by SNR

2HWC ATNF |Distance Angular PrOJected Expected Actual Flux Expected Actual Age

003 | 367pe | 232 | “m
061
171 172] 004
T1928+177|11928+1746] 434 | 003° | 227pc | 808 | 100|081 OII° | 00° |826] 0.002
047] 02° | 08 [195] 026
00 |77 001

T1857+027|11856+0245| 632 | 0.02° | 1324pe | 110 | 970 01| 008° | 09° [206] 006 |

71825134 11826-1334| 361 | 020° | 1266pe | 205 | 249 [0082 0.14° | 09° [214] 014
71837065 | 11838-0655| 660 | 038° | 4377pe | 120 | 341 [0.035| 008° | 20° |227] 048
T2006+341[12004+3429| 108 | 042° | 8007pe | 048 | 245 [0019] 004 | 09° |185| 008

TL et al. (1703.09704)



Discovering Pulsars at TeV Energies

®* Tauris and Manchester (1998)
calculated the beaming angle
from a population of young an
middle-aged pulsars.

®* This varies between 15-30%.

* 1/f pulsars are unseen in radic riournon
BEAM
surveys.




Discovering Pulsars at TeV Energies

Big Dipper _ Ty
Cassiopeia

|  Markarian501  Markarian421  crab Nebula

.l : ;
\ Milky Way Geminga Foki

LY
\ :
Sagittarius\&,\; g Libra
+15

e Correcting for the beaming fraction implies that 56 _;
TeV halos are currently observed by HAWC.

Cygnus

e However, only 39 HAWC sources total.

e Chance overlaps, SNR contamination must be taken into
account.



Discovering Pulsars at TeV Energies

e Tentative Evidence that MSPs
also produce these TeV halos.

e MSPs are the coldest and
oldest pulsars — important for
DM heating.

10%°

E/d? (ergs/kpc?/s)
e Models indicate a MSP should Hooper & TL (1803.08046)

exist within ~50 pc, but none
has yet been found.



. What Do We Need?

1. Continued observations of TeV halos.

2. A model for the confinement and emission of electrons in
TeV halos.

3. A method for precisely determining the pulsar position
within the TeV halo.



A Model for TeV Halos

Evoli, TL, Morlino (TBS)

e Early results indicate that
pulsars themselves can
confine electrons to
produce TeV halo emission.

* Analog with cosmic-ray
confinement in supernova
remnants.

—_— = 3.D
—  fiducial

—  Kraichnan

150 200 250 300
t [kyr]

* More detailed models including reacceleration and joint
supernova/pulsar emission are necessary.




TL, Auchettl, Bramante, Cholis, Fang, Hooper, Karwal, Li (1703.09704)

| ® H.ES.S. - ATNF Pulsars (Full Sky)
HE ® H.E.S.S. Candidate = ATNF Pulsars (Middle-Aged,
1038 S.s 2 ® HAWC Candidate HAWC tield)
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e _Kéane et al. (1',50'1'.;00056)'




TL & Buckman ( 1707.01905)
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Particle Physics Mash-Up

* Can also use neutron star
cooling curves to place —
limits on the axion cross- e
section.

KSVZ,n=5x 10713

S —— f,=4 x 108 GeV

* Observations of the
Cassiopeia A NS, with a
known age of 337 years, rule 2x107  3x107 4x 107

Time [year]
8
out fa <5 x 108 GeV. Hamaguchi et al. (1806.07151)




‘The Program

DM-NS
Interactions

Constrain Find Neutron
Astrophysics




Fast Radio Bursts
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{ Lorimer et al. 2007




