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1A 0535+262 is a Be X-ray binary pulsar and one of the only galactic pulsar systems to show radio
jet emission. Characterizing the very high energy emission (VHE, >100 GeV) in these extreme
microquasars is critical to understanding their contribution to the origin of galactic cosmic rays.
The 2020 giant outburst of this system, where X-ray fluxes exceeded 12 Crab, marked a rare
opportunity to investigate the gamma-ray and rapid optical variability of these transient systems
while in such an extreme state. This month of activity marked the brightest flare measured in this
system. VERITAS’s developing optical capabilities in tandem with the ability to measure TeV
gamma rays allowed for a unique campaign to be undertaken. VERITAS’s observations of this
system during the outburst will be presented in the context of observations at lower energies and
previous observations of this system by imaging atmospheric Cherenkov telescopes.
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1. Introduction

Galactic binaries have proven one of the most interesting source classes for the current gener-
ation of ground based gamma-ray telescopes. Transient flares in these systems, like those found in
LS I +61 303, have been of particular interest and a general overview of VERITAS’s observations
of these systems can be found in an accompanying ICRC proceeding. 1A 0535+262 is a high mass
X-ray binary system (HMXB) with an orbital period of ~111 days [4] and a pulsar rotational period
of ~ 103 s [17]. The system is composed of a 09.7-B0 Ille star and a neutron star located at a
distance of ~ 2 kpc [18]. Type II giant outbursts from 1A 0535+262 are seen roughly every 5 years.
In previous flares, Swift-BAT observed fluxes over 1 count/cm?/s exceeding four times the flux of
the Crab (in the 15-50 keV band). The flare occurring in November 2020 exceeded an intensity level
of 10.5 Crab in Swift-BAT making it one of the most extreme flares seen in a nearby HMXB. Prior
to this outburst the brightest 1A 05354262 flare was observed by BATSE (20-40keV) with a peak
flux of over 8 Crab in 1994 [3]. This latest flaring event triggered follow-up from a large number of
X-ray telescopes including Nicer/NuSTAR [9], and continued monitoring in MAXI/GSC [12] and
Swift/BAT [14].

Radio follow-up with VLA at 6 GHz triggered by this event showed a brightening radio
counterpart rising from 13 to 39 +4 uly during the rising phase of the X-ray flare [20]. Radio
emission was not seen in previous flares from 1A 0535+262. This radio emission is normally
attributed to the formation of a relativistic jet which would be unexpected in the high-magnetic
fields surrounding a neutron star. The only comparable system is the 2017 flare in the HMXB Swift
J0243+624 observed in 2017 [19]. Measured X-ray fluxes in both of these systems also suggest that
during these epochs super-critical accretion near or above the spherical Eddington limit occurred
[11]. Investigating the potential gamma-ray emission during these stages can help to constrain this
novel and extreme environment.

1A 0535+262 has been associated with the EGRET unidentified gamma-ray source 3EG
J0542+2610 [16] however the current generation of instruments has been unable to replicate this
result. VERITAS has previously observed and reported on a flare that occurred in 2011 [1]. During
this time VERITAS and Fermi-LAT did not detect significant VHE or HE emission from the system.

Accreting compact objects also provide exciting environments to probe with rapid optical
photometry. Cadences on the millisecond timescale are necessary to fully probe the flux variation
in many of these systems. Combining this data with rapid X-ray data and investigating correlations
between X-ray and optical variations probes the lowest base of the jet and the interaction with
accretion processes [10]. Observations of this style have already been performed on black hole
X-ray binaries during outbursts for example; MAXI-J1820+070 [13], GX 339-4 [6] and V404 Cyg
[7]. Observations have shown sub-second correlations between the X-ray and optical observations
and a wavelength dependent lag that provides a measurement of the ms lag between the X-ray corona
and the emission region of the jet. The sporadic nature of flares in these systems combined with
the limited number of observatories capable of rapid optical photometry, has resulted in a limited
sample of systems studied.

In this proceeding we will present the results from the VERITAS optical and gamma-ray
observations of 1A 0535+262 during the Type II outburst in November 2020.
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Figure 1: Times of VERITAS Observations (in blue) compared to the Swift-BAT X-ray flux.

2. Instrumentation

VERITAS is an array of four Imaging Atmospheric Cherenkov Telescopes (IACTs) located at
the Fred Lawrence Whipple Observatory (FLWO) in southern Arizona (31 40N, 110 57W, 1.3km
a.s.l.) [8]. Each telescope is comprised of 499 photomultiplier tubes (PMTs) covering a field of
view of ~ 3.5°. VERITAS detects gamma-ray photons from 100 GeV to >30 TeV and can detect
a source with 1% Crab in 25 hours [15]. In 2018, VERITAS’s Enhanced Current Monitor (ECM)
system was installed. The ECM is a parasitic backend that allows for optical observations to take
place during regular observations using the VERITAS camera. Due to the large integrated NSB in
the 0.15° pixel monitored by the ECM, the limiting magnitude of the VERITAS instrument is ~ 12
mag. This means that only bright sources can be observed by the ECM. For optical observations
we do not filter the light entering the PMT, meaning that the band monitored is simply a factor of
the wavelength-dependent quantum efficiency of the PMT. For more details on the configuration
see the VERITAS FRB ICRC proceeding from this conference.

3. Observations

The VERITAS observations of 1A 0535+262 during the 2020 season totals 15.5 hours of
gamma-ray and optical data. The triggering criteria, based on the estimated optical brightness
of the source, for VERITAS’s program was met on 2020-11-13 and continued until 2020-12-23.
Observations were taken during dark sky and low moonlight condition between 50-85 degree
elevation. Data was broken up into 30 minute runs taken in "ON" mode, with the source centered
in the camera allowing for ECM observations. Initial observations were taken daily but as the
flare evolved the cadence was reduced and days overlapping NICER windows were prioritized. A
comparison of the times of VERITAS observations and the X-ray flux can be seen in Figure 1.



VERITAS 1A 0535+262 Matthew Lundy

' . . : : { ASASSN (g band)
$ . o L 1 . . ' 1 i

a6 Y . v " " ¥ . 1

a * " . 1

Magnitude

. . . t .. I
0.0

P . t Swit-BAT (1550 keV)

Countsicm?/s

Counts/cm? /s
=

) j T preliminary i 99\% Integral VERITAS UL (=0.14 TeV)
e l l

53150 53160 53170 59180 59190 54200 53210 53220 59230 59240
Date (M|D)

Figure 2: Optical, X-ray and VHE lightcurves during the 2020 Type II outburst of 1A 0535+262.

4. Analysis and Results

The gamma-ray data was analyzed using the standard VERITAS software package [5], with cuts
optimized for soft sources (spectral index of -3.0 — -4.0). The significance was calculated with
off-source rates found using the ring-background method. The system is expected to be opaque to
gamma-rays near the peak of the outbursts due to thermal emission from the accretion disk providing
a large population of ambient photons. An analysis of the entire time range was performed as well
as individual investigations of the rising and falling slopes. There was no significant detection of
gamma-rays in any of these time windows. Upper limits on the VHE flux compared to the X-ray
flux can be seen in Figure 2.

The optical data was investigated for periodic signals seen in the simultaneous X-ray data from
the NICER telescope (the 103 s period was of particular interest). NICER data was taken from 0.2-
12 keV, and good time intervals were taken from the preprocessed data available on the HEASARC
archive [2]. Discrete correlation functions between the X-ray and optical were calculated as well
as autocorrelations for all runs with contemporaneous NICER data. A preliminary investigation
of Lomb-Scargle and Fourier periodograms showed no strong periodic signals in the VERITAS
optical data near signals identified in the X-ray. An investigation of non-periodic small timescale
correlations (i.e. flares) is underway along with other additional investigations of potential correlated
behavior. The auto-correlation function for the data taken on 2020-11-14 is shown in Figure 3.

5. Conclusion and Outlook

This campaign is one of the first attempts at joint gamma-ray and optical observations of a
gamma-ray binary using a IACT. HMXBs are one source class where having both the optical and
gamma-ray data can prove useful. VERITAS continues to search for other potential sources that
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Figure 3: NICER X-ray (top-left), and VERITAS ECM optical (top-right) light curves for 1A 0535+262
taken on 2020-11-14. Three VERITAS telescopes are plotted with distinct colors to separate them (blue:2,
orange:3, green:4). Below the light curves are the respective auto-correlation functions for the above light
curve. Autocorrelations were calculated for the NICER data with both the Scargle (line) and Edelson and
Krolik method (points). For the VERITAS data only the Edelson and Krolik method is shown.

leverage both sides of the IACT instrument including M-dwarfs and FRBs. Further investigation of
the optical data presented here will be included in a future publication.
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