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Outline

* HMXBs in gamma-rays with Fermi LAT
* HMXBs in hard X-rays with Fermi GBM

* Electromagnetic counterparts to gravitational wave events
« GW170817
 GRB 150101B
« GW150914
* Future work

* Summary



The Fermi Gamma ray Space Telescope

\’\Large ﬁrea Telescopg

Fermi Gamma ray Burst Monitor (GBM)

Nal Detector
8 keV-1 MeV

BGO Detector
200 keV-40 MeV




hundreds of X-ray binaries

Gamma-ray Binaries

* Dozens known compared with

e Basic characteristics
e Emission>1 MeV dominates its stellar

spectral energy distribution

* Variable gamma-ray emission,
sometimes modulated at orbital

period

* Five types of binariesareseenin

gamma-rays

* HM companion + young ms pulsar (6+1)
* Only type where gamma-rays dominate

emission
Microquasars (2)
Novae (5)
Colliding wind binaries (1)

LM companion + recycled ms pulsar
* 100s known, handful variablein

gamma-rays

G. Dubus / C. R. Physique 16 (2015) 661-673
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Fig. 1. (Color online.) Sketch of the types of gamma-ray emitting binaries. (a) A high-mass gamma-ray binary, with a rotation-powered pulsar. The filled in
region represents the shocked pulsar wind and the shocked stellar wind (panel adapted from [41]). (b) A microquasar, with its accretion disk + corona,
and the relativistic jet. (c) A nova, with the expanding ejecta and envelope around the white dwarf. (d) A colliding wind binary, with two stellar winds

interacting. The sketches are not to scale.



High Mass Gamma-ray Binaries with Young Pulsars
II_MMEI_

PSR J2032+4127 140 ms ~50 yr Pulsations discovered with Fermi LAT
PSR B1259-63 47.7 ms Be 1236.7d ¢ v

HESS J0632+057 ? Be 315d v

LS| +61 303 ? Be 26.5d v v

1FGL J1018.6-5856 7 O 16.6d v v

LMC P3 ? O 10.3d v

LS 5039 ? O 3.9d v v

Adapted from Table 1 in Dubus 2015.

* Only two new gamma-ray binaries discovered with Fermi LAT

* Dubus et al. 2017 predict 101*82.c, gamma-ray binaries in Milky Way = up to 10 new ones expected with initial CTA
» Short lived phase of binary evolution — lasting a few 10° years

* Likely progenitors to accreting Be/X-ray binaries and Supergiant X-ray Transients



B1259 System Geometry

Pulsar B1259
Mass: About twice the sun's
Diameter: 12 miles (20 km)

Nov./Dec. 2010 disk passage ‘
Fermi observes faint gamma-ray emission
D

Pulsar closest approach

Dec. 15,2010

Type: Be star
' Mass: 24 solar masses
Diameter: 9 suns

Jan./Feb. 2011 disk p: i Gas disk

By

Pulsar orbit
Period: 3.4 years

Fig. Credit: NASA



B1259 in the Era of Fermi

Chernyakova et al. (2014)

» First periastron passage Fermi ijfijm% % ii{ "]
observed was late 2010. N L |
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T.J. Johnson et al. - VHEPU 16 August
2018



Discovered with 5 years
of Fermi LAT data

Up to 10x more luminous
than Galactic sources
implies Py, <39 ms

Massive O5Ill companion

Suggests all of gamma-ray
binaries in MW have been
found

LMC P3

Corbet et al. 2016 2fovcn,
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Figure 5. Radial velocity measurements of the optical counterpart of
CXOU J053600.0-673507, that was obtained with SOAR (plotted as filled
circles with error bars) folded on the 10.3 day orbital period. The arrow
indicates the time of superior conjunction, determined from a fit to the radial
velocity measurements (MJD 57408.61 + 0.28). The gray histogram shows the
gamma-ray flux measured with the LAT.
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Figure 3. Radio (top), X-ray (middle), and gamma-ray (bottom) fluxes from
LMC P3/CXOU J053600.0-673507, folded on the 10.3 day period. Phase
zero is the time of maximum flux for sinusoidal modulation of the gamma-ray
flux and corresponds to MJD 57,410.25. For the radio flux densities, the lines
extending down to zero indicate 4o upper limits. For the X-ray, the three lines
extending down to zero show 3¢ upper limits.



Are HMXBs Born as Gamma-rav Binaries?
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HMXBs containing neutron stars may begin as gamma-ray
binaries with rapidly rotating neutron stars before spinning down.

3 (PSR J2032+417)

Corbet et al. 2017



HXMB Pulsars with Fermi GBM
https://gammaray.nsstc.nasa.gov/gbm/science/pulsars.html

Daily Blind Search

24 source directions on galactic
plane + SMC and LMC

Source specific searches

Narrow spin-frequency range
Typical exposures are ~40 ks/day

Detections

Total of 40 systems monitored
8 of 8 persistent sources
29 of 32 transients

GRO J1744-28
4U 1901+03

4U 0115+634

V 0332+53

GRO J1750-27
SMC X-3

RX J0520.5-6932
28 1553-542
XTE J1859+083
SWIFT J0243.6+61
IGR J18179-1621
GS 0834-430
IGR J19294+1816
XTE J1946+274
2S 1417-624

KS 1947+300
Swift J0513.4-65
EXO 2030+375
Cep X-4

GRO J1008-57
2S 1845-024

A 0535+26

MXB 0656-072 |

RX J0440.9+4431
XTE J1858-034
GX 304-1

SAX J2103.5+4545
A1118-616

MAXI J1409-619

Time (MJD)
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Swift J0243.6+6124: First Galactic ULX Pulsar
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LIGO and Virgo Gravitational Wave Observatories

LIGO LIGO
Livingston Hanford
Louisiana Washington

v 74

Image credits: Caltech/MIT/LIGO



The morning of August 17, 2017

Gamma rays, 50 to 300 keV GRB 170817A

Counts per second

Gravitational-wave strain GWI170817

Frequency (Hz)

0

Time from merger (seconds)

Video and image Credit: NASA GSFC, Caltech/MIT/LIGO Lab and ESA



Locating the events on the sky

Abbot et al. 2017, ApJ, 848, L13

Probability of chance coincidence: 1 in 20,000,000

14



GRB 170817A: A short burst with a Weak low-energy tail
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GRB 170817A: a short GRB

160
140l GRB 170817A

120}

Number
(00]
(@)

I P(short)=73.4%

= P(long)=26.6%

101 10° 107 102 103
Tgo [S]

GRB 170817A is a short GRB—predicted to originate from mergers

Goldstein et al. 2017, ApJ, 848, L14



GRB 170817A: Faintest GRB with known distance
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Nearby: Only 130 million light years away!
Abbot et al. 2017, ApJ, 848, L13



GRB Observing Scenarios

Scenario i: Uniform Top-hat Jet Scenario ii: Structured Jet

Structured Jet + Cocoon

Rotation Axis - Rotation Axis — Rotation Axis
Viewing Angle Viewing Angle Viewing Angle

4 <

Uniform Uniform
Core Core

Doppler Structured
Beaming Jet

into Struj:t:lred
Sightline € Cocoon

Central Engine
Central Engine Central Engine

Abbott+ 2017, ApJL, 848, L13

* Viewing Angle <36 deg off-axis (20+/-5 Mooley et al. ArXiv:1806.09693)
* Unlikely to be observed down the center of the jet (on-axis)

* Could be a structured jet with “wings” of shocked material (e.g. Lazzatiet al. 2018
* Could be a shock breakout from a “chocked” trans-relativistic jet (e.g. Gottleib et al 2018)






Science from GW170817 and GRB 170817A

* Directly measure the speed of gravity
* |tis the same as the speed of light within one part in one quadrillion!

* Probe the neutron star equation of state: the densest matter in the
universe!

* Understand the emission physics of relativistic jets and the engine
that produces the short GRB

* Estimate the rate of events like these throughout the universe



NASA Missions Observing GW170817/GRB 170817A
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chel and Planck), Lavochkin Association (Specktr-R), HESS Collaboration
(HESS), Salt Foundation (SALT), Rick Peterson/WMKO (Keck), Gemini Observatory/AURA (Gemini), CARMA team (CARMA),
and NRAO/AUI (Greenbankand VLA); background image from NASA 21




Discovery of a Kilonova 12 hours later

1M2H Swope VISTA
10.86h i h|[11.24n YJK,
MASTER

Las Cumbres

»

wl11.40n izll11.57h W

Credit: NASA/GSFC Cl Lab & ' : Abbot et al 2017, AplL, 848, L12

NGC 4993 Al SSS17a i
; DECan

(> 14 days post merger)

...._.\ .... .

April 28, 2017 Hubble Space Telescope August 17, 2017 Swope Telescope

Coulter et al. 2017, 10.1126/scienceaap9811

Soares-Santos et al. 2017, AplJ, 848, L16



1 arcminute 1 arcminute

Credit: NASA/Swift



Fading Kilonova in Optical/IR

Image Credit: NASA and ESA, Acknowledgment: A. Levan (U. Warwick), N. Tanvir (U. Leicester), A. Fruchter and O. Fox (STScl)



Spitzer

Composite image Filtered Image Host galaxy subtracted

Image Credit: NASA/JPL-Caltech



X-ray and Radio Observations

~ L f‘ ‘?, _ Chandra

» ‘ L MR AR Credit: NASA/GSFC Cl Lab
a Credit: NASA/GSFC Cl Lab
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Hallinan et al., Science 10.1126/science.aap9855 (2017)

Credit: NASA/CXC/E. Troja



X-ray afterglow is finally starting to fade!

III T T IIIIIII

, , —— Gaussian Jet X-ray |
X-ray observations with | ————- Cocoon y

Chandrain early May,
2018, show that the X-
ray afterglow is finally
fading.

Flux density [mJy]

Time [d]

Troja et al., MNRAS, 2018



Gamma rays, 50 to 300 keV GRB 170817A

What have we learned?

(7]
3 1,000

* Predicted

e Short duration gamma ray bursts are caused by
merging neutron stars

* The speed of gravity = the speed of light

* The aftermath of the merger produces many of
the heavy elements, includinggold and
platinum

500

Gravitational-wave strain GW170817

 Observed

* Gravitational waves from merging neutron stars followed by a short gamma-ray
burst 1.7 s later

* Light and gravitational waves traveling 130 million lightyears and arriving 1.7s
apart means the speed of gravity = the speed of light (to 1 part in 1 quadrillion)

* Hours after the merger, a kilonovawas observed in optical/IR, consistent with the
production of heavy elements

* >1 week later, X-ray and radio emission were detected, and continued to get
brighter until ~260 days after the merger.



The Unexpected

* Detecting merging neutron stars so soon, before LIGO/Virgo reached
full sensitivity.

* Detecting a gamma-ray burst along with the first detection of
gravitational waves from merging neutron stars

* GRB 170817A was dim despite being the closest on record.
* The X-ray afterglow rose in brightness instead of fading quickly.

* A bright ultra-violet counterpart was detected 12 hours after the
merger, not previously predicted by kilonova models.
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GRB 150101B: A Nearby Signature?

300-500 keV —}— 16 ms Binning
—+— 4 ms Binning
—— Background

! g
2500 lﬂlllﬂll:ﬁlllm' a.n_llmmmwumwm
-0.1 0.0 0.1 0.2
Time since Trigger [s]

Burns+ 2018, ArXiv: 1807.02866

e Long GRBs
10> Short GRBs
GRB 170817A
GRB 150101B

Liso (1 keV - 10 MeV) (erg/s)

101 10°
Redshift (z)

Similar soft (blackbody?) tail

Much shorter than 170817A, ratio of timescales of peak to tail
similar

Third closest known short GRB, not underluminous

More on-axis version of GRB 170817A?

But — this signature is not seen in the 2" and 4t closest
SGRBs



flux [counts/s]

GBM detectors at 150914 09:50:45.797 +1.024s
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Summary

* Gamma-ray binaries
* Defined as havingdominantemission >1 MeV
 Handful—appearto be youngpulsar+ Be or O-type star
e Shortlived stage in evolution— possibly shorter than predicted

* HMXBs

 Much more numerous, longer lived stage
* Likely evolve from Gamma-ray Binaries
* Most have Be companionsand aretransients

* EM counterpartsto GW Mergers
Short Gamma-ray Bursts
Possible softer extended tail, only visible for nearby?

Fermi GBM is most prolific detector of Short GRBs, both on-board triggered and
through subthresholdsearches.

Looking forward to O3!



https://fermi.gsfc.nasa.gov/fermil0/




