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ABSTRACT

The accreting millisecond X-ray pulsar SAX J1808.4—3658nsh peculiar low luminosity states known
as ‘reflares” after the end of the main outburst. During thiage the X-ray luminosity of the source varies
by up to three orders of magnitude in less than 1-2 days. TesloX-ray luminosity observed reaches a
value of~10%2ergs 1, only a factor of a few brighter than its typical quiescentle We investigate the 2008
and 2005 reflaring state of SAX J1808.4—3658 to determindheié¢here is any evidence for a change in the
accretion flow with respect to the main outburst. We perfomudtiwvavelength photometric and spectral study
of the 2005 and 2008 reflares with data collected during asrebtional campaign covering the near-infrared,
optical, ultra-violet and X-ray band. We find that the NIRopl/UV emission, expected to come from the
outer accretion disk shows variations in luminosity which 2—2 orders of magnitude shallower than in X-
rays. The X-ray spectral state observed during the reflares dot change substantially with X-ray luminosity
indicating a rather stable configuration of the accretiow.flsVe investigate the most likely configuration of
the innermost regions of the accretion flow and we infer amediom disk truncated at or near the co-rotation
radius. We interpret these findings as due to either a strotftpey (due to a propeller effect) or a trapped disk
(with limited/no outflow) in the inner regions of the accoetiflow.

Subject headingsieutron stars — pulsars — X-ray binary — accretion, acarelisks — X-rays/pulsars: individ-
ual (SAX J1808.43658)

nosities (18> 3%ergs ) lasting for several tens of days (see
e.g.,Wijnands et al. 2001; Revnivtsev 2003; Wijnands 2003;
Hartman et all 2008; Patruno ef al. 2009b, 2012). Such re-
flares manifest themselves as smooth variations in luminos-
ity that appear cyclically every few days. Furthermore, on
one occasion (during the 2005 outburst) a very low luminos-
Pairuno & Wati¢ 2012 for a review) and a semi-degeneratelty Phase has been reported (Campanalet al. 2008). This later
companion of mass0.07M., (Bildsten & Chakrabarly 2001 phase.was called metazstablelsmce itoccurred at an Xeray |
Deloye etal. [ 2008). The system has an orbital pe- minosity of 15—5x 10*’ergs* (0.5-10 keV), a value com-
riod of 2 hr [Chakrabarty & Morgan 1998) and the ac- Patible with the lowest X-ray luminosities reached during t
~10® G (Psaltis & Chakrabarty 1999: Di Salvo & Burderi 2 factor of a few brighter than the typical quiescent luminos
2003 Hartman et 4l 2008: Patruno e al. 012). ties. Itis currently unclear whether this phase is realffedi

The seven outbursts of SAX J1808.3658 observed so €Nt from the reflaring phase or whether the sp&sétmon-
far (ln 1996, 1998, 2000, 2002, 2005, 2008 and 2011) haveltorlng observed Only the |OW_|Um|nOS|ty phase of the reffare
a recurrence time 0f-2-35 years and shows a main out- themselves. After this possible metastable state the sourc

burst with a fast rise followed by a slow decay and a rapid tUrned back to quiescence, whlen the10.5—10 keV X-ray lumi-
drop (see e.g., Figure 2 in_Hartman etll. 2008). After NOsity reached a value of510°tergs * (Campana & Stella

the end of the main outburst, lasting for approximately one ZO_P;]Z '{'%i_'y;? eetlre'g.t%cr)\ot?rz'l minosity observed during the re
: wraflaring” {8 ) 4 ypical variati uminosity ved duri -
month, there is a long “reflaring” tilat low X-ray lumi flares of SAX J1808.43658 spans approximately one or-

der of magnitude (1% — 10%°ergs !, see e.g!l, Patruno etlal.

1. INTRODUCTION

SAX J1808.4-3658 is a binary X-ray transient discov-
ered in 1996/(in 't Zand et al. 1998) and located at a distance
of 2.5-3.5 kpcl(in 't Zand et al. 1998; Galloway & Cumming
2006). The binary is composed by a 401 Hz accreting mil-
lisecond X-ray pulsarl (Wijnands & van der Klis 1998; see
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8 The 1998 and 2011 outbursts are poorly constrained as thenabs

tions stopped close to the end of the main outburst._seerf®eétial. (2012,

2009b). However, in at least three occasions (during th€ 200
2005 and 2008 outbursts) the reflares showed a dramatic de-
crease in luminosity with an excursion of three orders of mag
nitude on a timescale shorter thas2 days [(Wijnands 2003;
Campana et al. 2008; Patruno et al. 2009b). The faintest lu-
minosities reach a value o3 x 10°%ergs* (for a distand@

of 3.5 kpc) which is slightly higher than the typical quies-

2009D).

9 Wijnands [(2003) reports a luminosity of7lx 1032ergs ! for a distance
of 2.5 kpc. Rescaling to 3.5 kpc — the distance adopted invibik — gives
3.3x10%%ergst
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cent one (5-810%%ergs?® at 3.5 kpc[ Heinke et al. 2009; (2008). We investigate whether during the reflaring phase
Campana & Stella 2004). Such low luminosities were ob- our observations show any evidence for anomalies in the be-
served thanks to the sensitivity of tKé1M-NewtornandSwift haviour of the accretion flow and whether there is any evi-

observatories and we cannot exclude that something similardence in support of any of the current models that try to ex-

might have happened in all the other outbursts recorded slain the reflares phenomenon.

far (which were observed, in X-rays, exclusively by the Ross

X-ray Timing ExplorerRXTE. 2. OBSERVATIONS

Reflares (also known in the literature as “rebrighten- \ve used data collected with four different detec-

n o« ”ow

ings”, “echo-outbursts”, “mini-outbursts” and “flaringit’) tors/telescopes: the optical/NIR ANDICAM on the 1.3-
have been observed in a number of different systems,, SMARTStelescope (operated by tHMARTSConsor-
including dwarf novae (WZ. Sae, Patterson etial. 2002; tium; Subasavage et/al. 2010), ®eiffUVOT (Roming et al.
EG_CnC, Osakietal._2001; ER UMA _Robertsone€tal. poo5), theSwiftXRT (0.3-10 keVi Burrows et al. 2005) and
1995; | Patterson etal. 2013, AL Com Howell etial. 1996, i Proportional Counter Array (PCA) abodRXTE (2-60
UZ Boom, [Kuulkers etall 1996; BK Lyn Pattersonetal. yev:[Jahoda et al. 2006). In the following we describe the

2013), neutron stars (e.g., KS 1731-268imon [2010,  data reduction procedure for each waveband.
SAX J1750.8-2900 Allen etal. 2015 and possibly IGR

J00291+5934, Lewis etiall 2010) and black hole low 2.1. X-Ray Data

mass X-ray binaries ('(’e.g., XTE ‘]16,50'500’ .Tom5|ck ctal. e analyzed 20 targete®iwvift observations taken between
2004; GRO J0422+3Z, Kuulkersetal. 1996; GRS 1009-

> . S — September 18 and November 8, 2008 and 21 taken between
45, ’)Ballyn & Orosy 1995, XTE J1859+226, Zuritaetal June 17 and 28 October 2005 (see Tdble 1). Ten observa-
2002). The ubiquity of the phenomenon among different tions of 2008 and six of 2005 were taken during the main out-
types of accreting compact objects suggesits that reflaees arburst, whereas the remaining monitored the reflaring phase.
related to specific properties of the accretion disk itsatfier The XRT was operated in either photon-counting (PC) mode

than properties of the compact object. ( ; ; A oy
P .. (2.5073-s time resolution) or in window-timing (WT) mode
Reflares are not a feature that can be easily justified W'th'n(1.7675-ms time resolution).

the disk instability modelDIM; see the extended reviews :
. AN —7 — We extractedSwift count rates, spectra, and spectral re-
of Smak 1984; Menou et al. 2000; Dubus et al. 2001; LdsotaspOnse files for each individual ObsID using the online

2001; Kotko et all 2012). Reflares are observed in numeri-_"". ;
M <i : SwiftXRT data products generaf@(Evans et al. 2007, 2009,
cal DIM simulations and they are created by back and forth 2014). The spectra were extracted (and fitted) in the 0.3—

propagation of cold and hot waves that re-combine and |on—10 keV band using the default event grades (012 for PC

ize the accretion disk cyclically. However, these reflanes a .
; U i ,, m _ mode and 0-2 for WT mode). The spectra were grouped with
considered a "deficiency” of the DIM mode| rather than a fea the GRPPHA task in HEASOFT (ver. 6.16) and fitted with

ture, since they cannot reproduce almost any of the proper S
ties observed in dwarf novae and soft X-ray transiénts (tzaso <oF EC (ver. 12.8.2). Spectra containigd50 counts were
in general grouped to a minimum of 20 counts per bin and

2001; Dubus et al. 2001). Furthermore reflares require & larg ° i ) e .
reservoir of matter to be still in the disk once the main out- fitted with thex< statistic, whereas spectra with fewer counts
burst is over, whereas the DIM predicts that the accretisk di Were grouped to a minimum of 1 count per bin and fitted with

burst {Arai et all 2009; Dubus et/al. 2001). lows background to be taken into account). For a few spectra

An interesting aspect of the reflares seen in with the largest number of counts we used a higher group-

SAX J1808.4-3658 is that the physical conditions in ing minimum than 20 to avoid oversampling the spectral res-
the inner regions of the accretion disk are strongly afiébte ~ Olution of the detecter by a large factor. Spectra withs

pulsations are observed throughout the outbursts, inujudi 0 fluxes assuming an absorbed power-law model. For Ob-
large portions of the reflares in 2000, 2002, 2005 and 2008S/Ds where both PC and WT mode data exist we fitted spectra
(at least at luminosities 10%ergs?, where RXTE has from both modes simultaneously (with all parameters tiéd) i
sufficient sensitivity to detect them, see Hartman Bt algg0o0 the numbers of counts in the spectra were of the same order
2009). of magnitude, but otherwise only used data from one or the

During the 2008 outburst, SAX J1808.8658 had been other mode (which was usually the case). We also calculated
monitored with a multi-wavelength campaign that involved & hardness ratio for each ObsID based on the PC mode data

the RXTE the Swift X-Rav Telescope (XRT) and Optical and ©NlY (Where available); this was defined as the net counts in
UItra-VioEIet Telescope (yUVOT) aﬁd (by gZound-bFz);\sed opti- the 2-10 keV band divided by those in the 0.3-2 keV band.
cal/NIR observations in thé andH bands taken with the Most of the data recorded in 2005 and 2008 RXTE
1.3-mSMARTSelescope. The fact that SAX J1808.3658 was 9Iready presentedin Patruno etlal. (2009b), Patrurip et a
is an accreting millisecond pulsar with a dynamically impor (2012) and Hartman etial. (2009) and we refer to those works
tant magnetosphere plus the unique multiwavelength cover—for in-depth details. Here we report a summary of that data

; ; ; - lysis which is relevant for the results presented inghis
age is key to simultaneously probe different regions of the 312
accretion disk/flow. In this paper we report the results ef th Per- For theRXTEdata, we extracted the 2-16 keV energy

; ; ; band flux from the Standard2 mode data (16-s time resolution)
multi-wavelength campaign on the 2008 outburst with a par- . :
ticular focus 091 its reflgreg. We also analyze SveftUVOT P%" collected by the PCA instrument during the 2005 and 2008
and XRT data collected during the 2005 reflaring phase angoutbursts. The background counts were calculated with the
“metastable” state and compare them with the 2008 outburst™ 1 ©OLpcabackest and were subtracted from the lightcurve

and with the 2005 analysis already reported in Campana et al. Http: /i Swift ac uk/user objects/


http://www.swift.ac.uk/user_objects/

Reflarings in SAX J1808.4-3658 3

along with dead-time corrections. The energy-channel con-
version was done by using thea e2c_e05v04 table pro-
vided by theRXTEteam.

2.2. Space-borne UV/Optical Observations

The SwiffUVOT operated in imaging mode during all ob-
servations. Most of the observations (during the 2008 out-
burst) were taken with six filters/( b, u, wl, m2 andw?2)
wheres the last 4 exposures usedifiéer only. The 2005 re-

flare were always observed with thdilter. We extracted the -

source photons from a circular region with a radius of 2.5 arc

seconds. The background was extracted from a circularmegio

with radius of 10 arcseconds far from bright sources. Before

proceeding further, we manually inspected all UVOT images

%nd rr?ug?ttﬁ;?g?.ﬁesgggsgﬁﬁ Sweliﬁgftfﬁgtgg b)ér? 8 eO er{t;;)arcrkfzigure 1. UVOT image of the FoV around SAX J1808.4-3658 taken with
Ing. partucu p withi qu the v filter taken around MJD 53627.17 (ObsID 30034018, Sept. 05p

sponding to ObsIDs 30034036, 37 & 38 were affected and weThe dashed red circle highlights the 2.5” region around ghbrstar whose
only used those snapshots that were unaffected. Sincetidne dalight “leaks” into the extraction region used for SAX J18083658 (white
was taken in image mode, bad snapshots themselves could nétrcle)-

be corrected. We used the taolotimsum to add all UVOT

exposures (snapshots) present in each FITS file into a singlevithin our circular aperture extraction region. By compari
high signal-to-noise image antfotsource to determine the ~ the UVOT field-of-view (FoV) of SAX J1808:43658 with
optical/lUV magnitudes using the Vega systém (Poolelet al. Figure 2 in Wang et all (2009) we found that part of the light
). We then proceeded to de-redden the magnitudes bymitted by a rather bright star leaks into the extractionoreg
choosing a value for the neutral hydrogen absorption columnof SAX J1808.4-3658 (see Figuriel 1).

of Ny = (1.4+0.2) x 10?*cm2 (Patruno et al. 2009a). We To verify how much the contamination is affecting our mea-

Bright star SAX ]1808.4-3658

dth lation (GT ©7el200D): surements we first selected three observations: one taken in
used the relation (Guver £2zell2005) 2005 (ObsID 30034018), one in 2008 (ObsID 30034040) and
Ny = (6.86+0.27) x 10?lE(B—V) (1) one during quiescence in August 2014 (ObsID 30034062).

. . We chose the 2005 observation because the high signal-to-
to Oé?%a'nE(ﬁ.EV) = 0'2I04Iit0'(;)30. Tg.e rgor the " nise of the image allows a precise determination of the cen-
Six different iters 1S calculated accordingito BBDL  {roid of the contaminating object. The observation taken in

Tablel2). 2008 is used to cover all six UVOT filters whereas the 2014
2.3. Ground-Based Optical and Near-Infrared Observations ON€ iS used to measure the UV flux during quiescence. We
. find that the contaminating object has the following magni-

The ground-based NIRI (and H-band) observations ydes:~19.1inv, >19.45inb, ~19.8 inuand> 21 inwLl

were made using the 1.3r8MARTStelescope at the

Cerro Tololo Inter-American Observatory (CTIO) in Chile.  gjnce the minimum magnitude detected (for the extraction

SAX J1808.4-3658 was observed with a roughly daily yegion centered around SAX J1808.2658) is: ~ 20 in v,

cadence (weather permitting) between September 22 andg4 inb, ~18.7 in uand 193 in wl we can confidently ex-

November 11, 2008. Thieband data were analyzed with the  ¢|yde that the contaminating source has an important effect
standard IRAF optical data reduction pipelines (Buxtorlkta any but thev band.

[2012) whereas for the NIR data multiple dithered frames

were taken and then flat-fielded, sky subtracted, alignedi, an 3. RESULTS
average-combined using an in-house IRAF script. Thres star . .
nearby SAX J1808.43658 and within theSMARTSFOV 3.1. The Multi-Wavelength Lightcurve

were used as references and their average magnitudes were The multi-wavelength lightcurve of the 2008 outburst is
used as a basis for differential photometry with respect to shown in Figurd 2. The reflares are observed at all wave-
SAX J1808.4-3658. The H-band magnitudes of these refer- lengths (with the exception of the first reflare, not monitbre
ence stars were taken from the 2MASS point source cataloghy Swif) with a typical cadence of about one observation
For I-band we used the reference stars and their magnitudesvery 2 days forSwiftXRT and UVOT, every 1-2 days in
from|Greenbhill et al.[(2006), and compared these with the in- NIR with SMARTSand multiple observations per day with
strumental magnitudes obtained from SMARTS frames. We RXTHEPCA. The main outburst is fully covered with a high
used the following zero-point fluxes to convert from magni- cadence monitoring witRXTEand observed b MART Sor
tude to flux-density:lp = 2416 Jy |(Bessell et al. 1998), and only two days close to the peak of the outburst andlayft

Ho = 980 Jy (Frogel et al. 1978; Elias et al. 1982). We also for 10 consecutive days during the slow decay.
de-reddened the magnitudes following the same procedure The first SwifiXRT reflare observation is a non-detection

outlined above (see Tallé 2). and corresponds to an upper limit (95% confidence level) of
o ] less than 5-10 times the value detected in quiescépce $—
2.4. Contamination from Field Stars 8 x 10%ergs I, [Campana & Stella 200%; Heinke et al. 2007,

Since the point-spread-function of the UVOT telescope [2009). The timescale of the reflares is about 7-12 days,
is rather poor (2.5 arcsec at 350 nm) and the field of which is substantially longer than the fast decay timescale
SAX J1808.4-3658 is crowded we need to evaluate the (~3 days; for a detailed discussion of the slow/fast decay in
amount of contaminating light from nearby stars that fall SAX J1808.4-3658 see Hartman etlal. 2008). By comparing




Tablel
Observations of SAX J1808-4658 from 2005 to 2008
Year Instrument Program IDs Obs-IDs Data Range [MJD]
2005 RXTHPCA 91418, 91056 91056-01-*, 91418-*-*-* 53522.8 t0 53581.4
2008 RXTHPCA 93027 93027-*-*-* 54731.9t0 54775.2
2005 SwiftXRT (PC) —SwiffUVOT (v) 30034, 30075 30034001 to 30034025 53538.0t0 53671.0
30075001, 30075020

2008 SwiftXRT (PC/WT) —SwiffUVOT (v,b,uwl,m2w2) 30034 30034026 to 30034044 54734.0t0 54778.0
2008 SMARTE&CTIO-1.3m (H, I) N/A N/A 54732.1t054781.0

Table 2 3.2. X-Ray-Optical/UV/NIR correlation

Reddening coefficient for each of the eight optical/UV fdten UVOT and By looking at Figuré 2 we can see how the X-ray luminos-
SMARTSE(B - V) = 0.204:0.030). ity variations co-vary with the the NIR, optical and UV lumi-
nosity. However, the excursion seen in X-rays spans at least

Filter ReddeningA, +0,)

H 0112002 2 orders of magnitude, whereas the NIR/optical/UV changes
| 0.37+0.06 by approximately 3 magnitudes, which translates into a flux

v 0.62+0.09 variation of a factor~10-20. Therefore, we do not expect

b 0.79+0.12 a steep correlation between X-ray flux and NIR/optical/UV

u 1.00+0.15 magnitudes. Furthermore, on several occasions the X-rays
wl 1.384+0.20 and NIR/optical/UV do not correlate and seem to be varying

m2 1.96+0.29 independently (see e.g., circled points in Figure 3 and data
w2 1.64+0.24 points around MJD 54760 in Figuré 2 and discussion in Sec-

tion[4.1.1).

In this section we estimate the correlation between these

the behaviour of thé andH magnitudes with that of the X-  quantities. Since the variations in luminosity can happen o
rays it appears that the NIR luminosity is higher than what very shorttimescales, we decided to consider only the aptic
would be expected when extrapolating the behavior seen durJV and X-ray emission recorded with the UVOT and the XRT
ing the slow decay. Indeed the two NIR observations occur-and to exclude the ground-based optical/NIR data since they
ring right after the beginning of the fast decay have-aand ~ are not taken simultaneously with the X-ray data, but have
I magnitude higher than what would correspond to the X-ray & typical offsets o~-0.5-1 day. The advantage of using the
flux detected on the closest dates (see Figure 2). Therefor&/VOT and XRT data is that these telescopes operate strictly
it is possible that reflares stagarlier in NIR by at least 1.5  Simultaneously (although the exposure times are not nacess
days. The beginning of the other two reflares is ill constrdin  ily the same). One exception is represented by one ground-
since the sampling is not sufficiently dense in X-rays, bat th basedl and H band observation from MJD 54758 taken

observations are still compatible with an earlier respasfse ~ Within 1 hour of aSwift pointing. In this case we decided
the NIR. to consider the ground-based data as (quasi)simultaneous.
The last detection of the reflaring phase occurs at In Figure[4 we plot the de-reddened optical to X-ray (un-
MJD 54781 ( band) at a level compatible with what observed absorbed) luminosity relation for thBwift observations of
during the reflares minima. The source is not detected ihithe the 2005-2008 outbursts plus additional data referring to
band and no observations are performed during that time withother neutron star low mass X-ray binaries where these two
the SwiftXRT and UVOT. It is therefore difficult to determine ~ quantities are measured (and found to be correlated, see
whether we have detected the beginning of a new reflare, theéRussell et al. 2006, 2007 for details). We used the 2-10 keV
beginning of a “metastable” state similar to what reportgd b €nergy band rather than the 0.3-10 keV in order to match the
Campana et al. (2008) at the end of the 2005 outburst or someanalysis of Russell et al. (2006) done for the other neutiam s
thing different. The band magnitude detected at MJD 54781 LMXBs used in Figuré 4. Some of the 2008 data lie slightly
is ~2.5 mag. brighter than the quiescentletected in the  above the correlation with a slope that is somewhat flatter th
1998 outburst (Campana ei al. 2004) so that we can at leastecorded for other neutron star LMXBs. The offset between
confidently conclude that some activity is still ongoingta t ~ our data points and the other archival data is not surprising
time of the observation. We also inspected the publiclylavai since the latter points are taken with ¥ Rilfilters, whereas
able lightcurves taken with the All Sky Monitor abod®XTE ~ our data points are mainly composedbynd UV data and
and the Burst Alert Telescope @wift We found a few data  only very few data points are taken with theb andbv filters.
points close to the@ detection level, but none of them is sta- Indeed such effect is not observed in 2005 when the UVOT
tistically significant given the number of data points (s)a  used only thefilter. Similar (instrumental) offsets have been
considered (i.e., 3248 data points). The constraints ofuthe ~Observed already in other sources (see'e.g. van der Holst et a
minosity placed by these two instruments are not partigular 2013). _ _
strong since they correspond to luminosities of the order of _The flatter slope instead needs an explanation and to quan-
few times 1G%ergs2, which are values reached only during tfy this, we first fitted a simple power law relatidiyy jopt =
the brightest portions of the reflares. kF{, where Ryy /op is the flux in one of the optical/UV
Thev band magnitudes (not dereddened) of the 2005 OUt-hands,Fy is the 2-10 keV X-ray flux is the slope and
burst are shown in Figuté 3 along with the 2-16 keV and 0.3—5 3 constant of proportionality. Russell et &I, (2006, JaG%
10 keV X-ray flux. Several observations (highlighted with timated the coefficieng for neutron stars (assuming a radia-

blue circles in the figure) show a lack of correlation between tively efficient accretion flowl.x 0 M) and black holes (with
thev magnitudes and the X-ray flux.
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Figure 2. Multi-wavelength lightcurve of the 2008 outburst. The X+flux and the NIR/optical/UV magnitudes anet corrected for absorption/reddening but
refer to the observed value3op panel:the observed X-ray lightcurve recorded wRXTE(2-16 keV; filled black circles) an8wiffXRT (0.3—10 keV; open
gray circles). The vertical dotted line marks the approxertzeginning of the rapid drop. The dashed vertical linestiflethe most likely limits for the start and
end of each reflare. The down-arrow marks a non-detechitididle panel:optical/NIR observations with thid (centralA = 16500'7\) andl (centralA = 7980&)
filters. Bottom panel:optical and UV observations carried with the UVOT (for thetzal A of each filter we refer to Tablg 3). The non-detections are not

reported.

Table 3
Correlation coefficient between the UV/optical and X-raxés
UVOT/Band  Acentral (R) B

w2 1928 028+ 0.05

m2 2246 024+ 0.06

wl 2600 022+0.05

u 3465 023+ 0.05

b 4392 016+ 0.04
V2008 5468 003+ 0.05
V2005 5468 005+0.21

[ 7980 011+0.13

a radiatively inefficient accretion flokx 0 M?). Since we
are using optical/UV wavebands, the expected rangt fof

a viscously heated disk is®< 3 < 0.67 for neutron stars
and 025 < 3 < 0.33 for black holes (Russell etlal. 2006). In
Table3 and Figuriel5 we report the results of our fit.

All bands, with the exception of the and| bands, show
a flux that is clearly correlated with the X-ray flux. How-
ever, the value of the correlation coefficightfalls within
the 0.15-0.25 range (again, excluding th@nd| bands).
These values are significantly smaller than those seen in
other neutron star LMXBs (e.d., Armas Padilla et'al. 2013;
Maitra & Bailyn [2008). The values g8 also increase with
decreasing wavelength, as found in viscously heated disks
(see e.gl_Russell etlal. 2006; Armas Padilla €t al. 2013). For
irradiated disks or for jet-dominated optical emissior, &x-
pected values g8 are also higher than observed.

3.3. Rayleigh-Jeans limit

The shallow slope of thEx vs. Fyyy relation could also
be explained if the optical/UV emission falls in the Rayleig
Jeans (RJ) limit of the multicolor-blackbody accretionkdis
spectrum. To test this hypothesis we selected five observa-
tions with the source detected in at least four UVOT filters.
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Of these observations, four were taken during the reflares &
whereas a “control” group was chosen from the main outburst. 3 45 | . i
We then fitted=, ,;,yv 0 v and checked whether~2 as ex- B v
: Y : . archival SAX J1808.4-3658 O
pected in the RJ limit. In one observation we included also th 14 t t t : : t
ground-based optical/NIR observations since these data we 31 32 33 34 3 36 37 38
recorded within 1 hour from the UVOT and XRT data. We log(X-Ray Luminosity [2-10 keV])

also fitted a correlation witlr forced to be equal to 2 as ex- Figure4. Top Panel NIR-optical-UV/X-ray correlation diagram. The

ected in the RJ limit. In Tabld 4 and Fi 6 we report the green points show the correlation for several different tmoeu star
P e g@e P LMXBs (Russell et all"2006, 2007). A few points (circled irdyeefer to

observation selected and the results of our flt. . . (archival) SAX J1808.4—-3658 data taken during quiescendaring its 1998
None of the observations show arcompatible with being  outburst. The 2008wift observations reported in this paper are shown with

2. Three out of five observations cannot be fitted with a simple different symbols/color depending on the specific filterdusgottom Panel
linear relation (i.e., unacceptabyg). However, by looking at ~ Same as top panel but for the 2005 outburst.
the panel “a)” of Figuré]6, which refers to the observation
taken during the main outburst, it appears that we might stil the diskbb model does not change the results in any significan
be in the RJ limit for all optical/UV filters if the location difie way. The third and fourth observations are compatible with
data points is somehow affected by unaccounted systematica value ofE(B—V) ~ 0.01-Q16, which appears to be only
(see discussion below). Panels “d)” and “e)” are compatible marginally compatible with the galactidy (Kalberla et al.
with the RJ limit if the peak of the black-body emission falls 12005). The last two observations give a range of reddening
around then2andw2 band. In the panel “b)” and “c)” there  which is unconstrained. Therefore we conclude that the data
seems to be stronger deviations from the RJ limit, withe- cannot be explained with a simple multicolor-disk blackpod
ing closer to values of 0-1. These two observations mightand that there is no evidence for the data to be close to the
be explained if the blackbody peak towards lower energies.RJ limit and therefore the low values Bf need a different
However, the optical/UV luminosity is slightly lower thalmett explanation.
observed in panels “d)” and “e)”, which is the opposite effec  Finally, we show that indeed the NIR/optical/UV emission
that one would expect. is always larger (by a factor 10) than would be predicted
An obvious source of systematic uncertainty is the value assuming that the X-ray emission tracks the accretion mte s
of E(B—V) (dependent on the value df;) which we have  that Lx ~ GMM/R,, and that the outer disk is a standard
assumed to be constant throughout the outburst. To verifyShakura-Sunyaewu-disk. This is seen in Figure 7, which
whether this is indeed affecting our results we fitted oueobs  plots the observed NIR/optical/UV flux of the 2008 outburst
vations with the modeteddening+*diskbb via the software ~ between MJD 54757 and 54770 and the predicted optical
XSPEQVv.12.8.1) by leavindg: (B—V) as a free parameterand disk emission based on the X-ray luminosity (although note
fixing Ny = 1.4 x 10?2cm 2, Ty, = 0.1 keV andi = 50° (e.g., that this is base_d on the 2-10 I_<eV X-ray emission, which
Patruno et &l 2009a). In this way we also take properly into could underpredict the bolometric luminosity by a factor of
account the value of reddening as a function of wavelengthup to 3.in’t Zand et al. 2007). The optical emission is brighte
over the entire filter bandwidth. The first two observations than would be predicted by X-rays, by a factor of a few (but
have best-fits that are statistically unacceptable withmg! it would track more closely if the X-ray bolometric flux is
pothesis probabilitiesc 0.01. Changing the temperature of higher).
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Table4
Observations Used to test for the Rayleigh-Jeans limit

Panel Phase Obsld MJD Filters a X2 /dof
a Main Outburst 30034031 54738.4 v,b,u,wl,m2w2 14403 37.7/4
b Reflare 30034036 54758.0H, 1, b,u,wl,m2,w2 0.93+0.11 30.5/5
c Reflare 30034037 54760.3 v,b,uwl,m2w2 0.48+0.18 7.37/4
d Reflare 30034038 54762.1 b,u,wl,w2 0.58+0.28 2.9/2
e Reflare 30034039 54764.8 b,uwlm2w2 0.32+050 10.80/3
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Figure5. Correlation coefficien8 calculated for seven different optical/UV
bands for the 2008 outburst. TBevalue for thev band of the 2005 outburst
is unconstrained and is not displayed. The two colored bardisate the
theoreticalB values expected for black hole LMXBs (in green) and neutron
stars LMXBs (in yellow). The difference in the location ofetitwo bands
reflects the different accretion efficiendy i for neutron stars and M? for
black holes). Most data points of SAX J1808.3658 fall within the black
holes band. The value @ is also consistent with increasing towards shorter
wavelengths, a typical behaviour expected in viscous Heateretion discs
rather than irradiated ones.
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3.4. X-Ray Spectra and Colors

We have analyzed the X-ray spectra and performed a color
analysis of SAX J1808.4—-3658 during the 2008 and 2005 re-
flares (withSwiff) to highlight any possible change in the ac-
cretion flow properties and/or geometry. In Figlle 8 we show
the hardness ratio results for tBavift XRT observations: in
both outbursts the HR shows variability which seems corre-
lated with the variations in luminosity, i.e. the sourcedmees
softer at lower luminosities.

Applying a standard Spearman’s rank test we find an cor-
relation coefficient of 0.93 and 0.72 (for the 2008 and 2005
outbursts respectively) but we note that the errorbarscasso
ated with the colors and luminosities are significant anctuna
counted for in this method. Using a composite Monte Carlo
analysis of Spearman’s rank test — as detailed in Curramj201 . oni ' oV Ei boou wamzwe
and implemented in the coddCSpearmar{Curran 2014) — prcal/UV Filter
we find a correlation coefficient of 0.Z2D.21 and 0.66:0.18 Figure6. Optical/UV flux vs. UVOT filter central frequency. In the top
(for the 2008 and 2005, respectively) . This method uses aga”.e' e show the EUFOP‘/U‘(](VQ °°r:red5p°r(‘jd'”gl.5°|.°”e ObSEL"att')O” t?.ke”
Monte Carlo re-sampling and perturbation analysis to retur uring the main out urSt'aT e dashed and solid lines reprabe eStz t

- e to the data forFopyyy O Ve (with a a free parameter) ank v O v,
a rOb_USt correlq‘uon cogaffluent that accounts for both uhre_u . respectively. The results of the fit are reported in Thble 4.
certainty associated with the sample and the errors on indi-
vidual data points. We therefore see a significant cormati
between X-ray luminosity and HR, although we cannot draw (pegpwrlw), a blackbody®{bodyrad), and a disk blackbody
any robust conclusion about the the lowest luminosities. (diskbb), modified by photoelectric absorption. We used the

In our fits to theSwiftXRT spectra from the reflaring por- phabs absorption model witlvi1lm abundances (Wilms etlal.
tion of the 2008 outburst (see Tallé 5) we used a speci2000) andvern cross sections(Verner etlal. 1996); the ab-
tral model consisting of some combination of a power law sorption column was in all cases fixed at a valueNpf=

llerg/s/cmz]

Fopyuv [10

Fopuuv 110" erg/sicm?]
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Figure 8. Hardness ratio (top panels; defined as the ratio betweeroth ¢
rate in the 2-10 keV and 0.3-2 keV band) of the 2008 (left Enahd
2005 (right panels) reflares. On the bottom panels we repe®wift XRT
lightcurves for comparison (we use only PC mode data andtsaidy obser-
vations that gave useful constraints on the hardness.rati@ HR and X-ray
flux are correlated in both outburst: the spectrum becomésrsat lower
luminosities.

main outburst). The two brightest reflare observations that
need a multi-temperature disk blackbodii §kbb) still re-
quire a rather cold inner disk temperature (0.1-0.2 keV).

SAX J1808.4-3658 has remained in the hard state
throughout its outburst history (from 1998 until 2011) with
very little spectral variations (see e.d., van Straateh/et a
2005;| Hartman et al. 2008; Bult & van der Klis 2014). We
caution that the minimum X-ray luminosity observable with
RXTHPCA is of the order of a few times 3fergs?.

4. DISCUSSION

In this paper we have presented a multi-wavelength analysis
on the accreting millisecond pulsar SAX J18083658 that
can help to address two specific (and related) issues:

e what is the geometry of the accretion flow during re-
flares?

e what is the origin of reflares and how are they affected
by the presence of a magnetosphere?

4.1. Accretion Flow Geometry

To understand how the accretion flow behaves during re-
flares itis important to consider first whether the inneroegi
of the accretion flow are geometrically thin or thick and then
how the flow interacts with the neutron star magnetosphere.

Since SAX J1808.43658 has a measured dipolar mag-
netic field (at the poles) of 2 10° G (di Salvo et al[ 2008;
Hartman et al. 2008), it is possible to estimate the location
of its magnetospheric radius. We first define the magneto-
spheric radiugy, as the point where the magnetic field is
strong enough t@enforce co-rotatiorof gas in a thin Keple-
rian disk:

1/5
= ( N ) @)

B. \¥5/ R \%°
=23x10n (108 G> (106 cm)

P 1/5 N ~1/5
X (2 <103 s) (1.6 <10 10M,, yrl) cm

In this equationu = B,RS is the magnetic moment of the

1.4 x 10?2 cm2 (se€e Patruno et 4. 2009a). For our spectral Star, B is the neutron star magnetic field at the poRs|is

fits and count-rate conversions of tBeviftdata from the re-  the neutron star radiug} < 1 is a dimensionless parameter
flaring portion of the 2005 outburst we used (in all cases) a characterizing the strength of the disk/field coupling aed r
model consisting of only an absorbed power law. The disk flects the strength of the toroidal magnetic field inducedhiey t
blackbody model is required only in the two brightest obser- relative rotation between the disk and dipolar magnetid fiel
vations of 2008. The choice of a disk blackbody is justified Q« (P:) is the star's spin frequency (period) aktithe mass
because such component is also observed during the maifccretion rate through the disc. If we use the known parame-
outburst (see e.gl, Patruno etlal. 2009a; Papitto &t al.l;2009ters of SAX J1808.43658 and we assume that the observed

Kajava et all 2011). The results of our analysis are reportedX-ray luminosity is a good proxy for the mass accretion rate

in Tableb.

The power law indeX shows little variations and all photon

index values can be well fitted with a simple constant
1.75+ 0.06 with a x2/dof = 6.52/7. However, given the

then at the lowest luminositigs, ~ 160 km. This valu&t
is significantly larger than the co-rotation radigs = 31 km
and it is even larger than the light cylinder radiys~ 120
km. The co-rotation radius is defined as that point in the disk

poor photon counts and large error bars, the behavior at thevhere the Keplerian rotational velocity of the gas is eqoal t

lowest luminosities remains mostly unconstrained.

We detect a blackbody with a small radius, which suggests
we are observing the hot-spot or the neutrons star boundar
layer rather than the thermal emission from the inner accre-

the rotational velocity of the magnetosphere and as soon as

11 The definition ofr, used in this paper is the same a5in Spruit & Taam
19938) whereas the classical expressiorrpf(Pringle & Re€s 1972), ob-
tained by equating the gas and magnetic pressures, givanewdat larger

tion disk (see also__Patruno el al. 2009a; Papittolet al.|2009value of about 500 km, which would further strengthen theuargnt pre-

for a similar analysis oiKMM-Newtondata taken during the

sented here.
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Table5
Spectral Fits to SAX J1808.4-3658 During the 2008 ReflaritageS

DiskBB + BB + PL

Observation DiskBB Temp. DiskBB Radius BB Temp. BB Radiufk Lo.3_10keVunabs X°/dof
[keV] [km] [keV] [km] [1033erg/s]
30034041 5559512 550793 048570018 4757087 1427057 68415 41.2/50
0.026 166 0.064 0.79 0.11 14
30034042 975328 130735 055070083 2.6070f2 187707 49071% 55.8/51
BB +PL
30034035 - - 2.00 (fixed) 0627535 -
30034036 0.50(fixed) 228027 1507922 105713 7.9/10
30034037 040753  12773% 188228  20M18 10.2/14
30034038 0497008 240708 151793 12273 20.3/18
30034039 0.35(fixed) 0627045  1.8979%5 117713 3.5/5
30034040 - 2.00 (fixed) 11+3% -
30034043 035098 19503t 173512 18603 36.4/39
30034044 0.25(fixed) 1167992 1757023 43707 -
rm > o @ centrifugal barrier sets in and matter is assumed [

to be ejected from the system (lllarionov & Sunyaev 1975; Ejection ‘I_\J
Romanova et al. 2004). Therefore whiep > rco One can-
not use Eq.I3 since thd inferred from the luminosity might Hot Spot o~ ——
become a bad indicator of the mass flowing in the accretion
flow (for example because of mass ejection). This means thai
rm cannot be as large as 160 km, or at least, if it is, it can-
not be inferred from Eq.]3. If the disk were truncated outside
reo it could also be truncated outside the light cylinder In

this case the magnetosphere should be devoid of matter ani
the radio pulsar mechanism should turn on with a strong pul-
sar wind preventing further accretion (see el.g., Stelldeta
1994, Burderi et al. 2001). This is what is currently thought
to occur in the radio-pulsar phase of the three transitipohl
sars recently discovered (Archibald etlal. 2009; Papittd/et
2013;| Patruno et al. 2014; Stappers etal. 2014; Bassa et al
2014; [Roy et dl.l 2014) and in the quiescence phase of
SAX J1808.4-3658(Homer et al. 2001; Burderi et al. 2003;
Campana et al. 2004). The fact that in SAX J18083858

the X-ray luminosity increases by three orders of magnitude
right after reaching the luminosity minima on a very fast
timescale of 1-2 days (see Figlre 2 andl 3) suggests tha
the radio pulsar mechanism does not turn on, although a very
rapid switch cannot be excluded at the moment. Furthermore,
pulsations at high luminosity (in SAX J1808-8658) and _ _ _ _ _
low luminosity (in PSR J1023+0035, Archibald ef al. 2014, Fiotes, DIeren possble secretor sates oA 1eceaess The
and XSS J12270-4859, Papitto etlal. 2014) argue that accrepejier configuration, when the disk is truncated well beyoggdand g\r/]ery
tion onto a neutron star can take place across a large range aérge fraction of gas is expelled from the system in an outflow to the mag-
accretion rates and therefore accretion onto the neutegn st netic centrifugal barrier. Episodic accretion is still egped to take place due

; ; ; to magnetic diffusivity, according to MHD simulations (seeain text).Panel
does not need to necessarily stop during the lowest luminos B.: Trapped accretion disk scenario. The trapped disk formsmthe mag-

ity phases of the reflares. _ ~ netospheric radius reacheg and the disk remains truncated at that radius
In the remainder of this paper we will assume that the radio- despite variations in the mass accretion rate. The acordtiws is modi-
pu'sar mechanism does not turn on during the reflares (W|thfled in the inner disk regions due to the centrifugal barfiemning a “dead

: : : ; disk” configuration (purple segment of the disk). The outskdegions are
the aforementioned Caveats) and we will consider threeposs unaffected by the magnetic barrier and the disk is still addad Shakura

ble scenarios, sketched in Figlre 9, to understand what hapg sunyaev disk (dark green segmenBanel C: Truncated/radiatively in-

pens to the accretion flow during reflares: efficient accretion flow configuration. The inner disk regierset by the a
mechanism other than the magnetosphere (e.g., evapgraiibe resulting

A.: The disk is truncated well beyond the co-rotation radius (geometricall_y thick) h(_)t flow will still interact with the egnetosphere pos-
and a strong propeller is ejecting the majority of matter Sibly generating accretion and/or outflows.
flowing in the inner regions of the disk.

Episodic Accretion |

Accretion Flow

B.: The inner disk is close to the co-rotation radius through-
out the reflaring phase.



i ] disk radius is set by the magnetospfére If the inner-

! . most region of the flow is not a thin disc, but instead

! 3 forms a radiatively-inefficient accretion flow (such as an
] advection dominated accretion flow, ADAF; Narayan & Vi
1995; Narayan & McClintock 2008; Abramowicz etlal. 1995,
2000), then the situation might be somewhat different (sce-
narioC). In most radiatively inefficient accretion flow (RIAF)
models, the accretion flow becomes optically thin but geo-
metrically thick and somewhat sub-Keplerian (see e.gui$spr
2000). No detailed study of the interaction between a
thick disk and a magnetosphere has been undertaken, and
there is considerably uncertainty about the flow geome-
try, location of the magnetospheric radius and propeller ef
o ficiency (e.g.,. Menou & McClintock 2001, Dall'Osso et al.

. . I o . 2014 ano_D’Angelo et al. 2015). In this case we expect a
Figure10. Surface density profile times kinetic viscosity for an atiore " ] ; ]
disk for two different mass accretion rates. The red linestae total ac- scenario somewhere between a thin-disk/magnetosphere in-
cretion disk density profiles, the dashed lines are two stah@hakura &  teraction and quasi-spherical accretion from a stellardwin
Sunyaev accretion disk profiles and the dot-dashed lines tefa dead disk (e.g. Shakura et al. 2013), although there are many urnicerta
density profile. At 1%1';“"@ Vfl’g the accretion disk is dominated by the — ties about the properties of such a flow (e.g., the thicknéss o

eal ISK solution until /T¢o = an Yy (he Sstandart akura unyaev H : H .
profile beyond that point.coAt larger accretion rates, howewaly the re- the hOt flow, the inner accretion disk Iocatlon, the presence
gions closest to the co-rotation radius are of the dead gisk and most of of a jet and outflows; see Narayan & McClintock 2008 for a
the accretion disk density profile is well described by ackad Shakura & review). To assess the validity of this scenario, furthees
Sunyaev solution. tigations and theoretical modeling are required.

10-10;_ 10™ Mg /lyr

rlr

C.: The thin disk is truncated far away from the neutron star 4.1.1. Observational Constraints on Accretion Flow Geometry

magnetosphere which is interacting with a geometri- Having set the three different configurations for the geom-
cally thick and radiatively inefficient hot flow. etry of the accretion flow and disk/magnetosphere inteacti
. . . . during the reflares, we now discuss how the new observations
_The first scenario A) requires that a centrifugal bar- presented in this work and the past observational evidence
rier develops as soon as, 2 reco. TO enter astrong  cojlected from the literature can help to constrain theediff
propeller regime with matter expelled from the system, gnt scenarios. The three possibilities discussed abovedav

rm heeds to be larger thame, by at least a factor nymper of specific testable features that can be translated i
~1.3 so that the gas can gain enough kinetic energy he following questions:

to reach the escape velocity (Spruit& Taam 1993).

a strong propeller| (Ustyugova et al. 2006; Romanovaletal. e is there a geometrically thin disk extending all the way
2005; ! 1llarionov & Sunyaev 1975) is currently operating in down (or close to) the co-rotation radius? Or is the in-
the system then the very-low luminosities we observe are not ner disk radius truncated much further away from the
due to an extremely low mass flow in the disk, but instead re- neutron star?

flect the fact that only a tiny (poorly-constrained) fractiof ) } ,

the mass actually falls onto the neutron star surface, géner e does the disk/magnetosphere interaction generate a
ing X-rays. In this case, the flow itself must likely be radia- strong propeller with outflows?

tively inefficient since otherwise the much-higher acaneti
rate in the disc will likely dominate the X-ray emission. In
this specific case the terradiatively inefficients not used to
indicate the presence of a geometrically thick radiatiuedy-
ficient flow (like an advection dominated accretion flow) but
it is used to describe the fact that the majority of the admnet
energy is not emitted as radiation.

If rhy remains too close to., so that matter cannot be
ejected from the system, then an accretion disk differear th
the standard geometrically thin and optically thick Shakur
Sunyaev type needs to develop (scen&joSince the cen-

Constraintsfrom X-Ray Spectral Analysis.

Our spectral analysis of the reflares indicates that
SAX J1808.4-3658 has an overall stable spectrum de-
spite the large variations in luminosity. THewift XRT
spectra remain hard at all luminosities and all spectra@me c
sistent with a constant value bf~ 1.7. We do find correlated
variations between th8wifthard color and X-ray luminosity
that suggests that some (small) changes in the system are
occurring in response to the X-ray luminosity variations.
The RXTE colors further show that SAX J1808-8658

: L : is observed in the hard (island) state throughout its eight
trifugal barrier is not sufficient to expel the gas, the aagul outbursts (see e.d., in't Zand et al. 1998; van Straaten et al

momentum is transferred from the magnetosphere to the mat55-z. ; > ,

ter that now remains in the inner disk regions. The gas p"eszg?:ﬁbn%?anﬁggl'ra%r?gr&stgg:é&x\f?; dgr;l;tsrurzri)iﬁ aggts

up and changes the radial density and temperature profile o hat the roduction of Xoravs is re ulgtedpb some gt%ble

that region (see e.g., Figurel10). This segment of the disk is P . yS 1S reg y S

then dominated by #rapped/dead diskolution rather than mechanism despite large variations in the accretion flow.

a standard Shakura and Sunyaev dne (Siuniaev & Shakura During the brightest portions of the refiares we detect an

1977). In this case the X-ray luminosity is low because onlya accretion disk in addition to a blackbody and a power-law. A

S(;Uva;:‘(];rsa(t:ﬁgnn%furg‘ggeétglgsr:}rIfZilé f;g&g&%:grgrs(giid}fgfo 12 The region over which the disk and magnetic field interactafitourse

t -C L Y ! 4 » have a certain radial extent. However, both simulationsthedretical argu-

2012). ments predict this transition is sudden apgd=rn, (see e.gl. Lovelace eflal.
Both these Scenarios require that the inner accretion1995 and an extended discussion in D’Angelo & Spruit 2010).



Reflarings in SAX J1808.4-3658 11

very similar spectrum was seen also during the main 2008 out-of the total amount of matter flung off the disk, then we
burst with XMM-Newton(Patruno et al. 2009a; Papitto et al. should still expect a rather strong spin down of the neutron
2009; Cackett et al. 2009; Kajava etlal. 2011). star. So far, SAX J1808:43658 has not been observed to
An important caveat is that even if the spectra of the reflaresspin up or down during its outbursts, with typical upper lim-
are similar to the main outburst spectra, this does not recesits of |v| < 2.5 x 10 Hzs ! (Hartman et all_ 2008, 2009;
sarily mean that the accretion flow has the same configuraiPatruno et d[. 2012), a fact that again suggests that thésobj
tion. Indeed the spectra analyzed by Kajava et al. (2011) anddoes indeed stay close to spin equilibriurm€reo) during
Patruno et al. (2009g), Papitto et al. (2009) and Cacketi et a most of its outbursts (see also elg., Haskell & Paifunol2011)
(2009) refer to luminosities about one order of magnitude Although these upper limits refer to the entire outburstiaoid
brighter than the reflares. only to the reflaring portion, we note that at least in one case
Constraintsfrom X-Ray Aperiodic Variability. (the 2000 outburstRXTE collected data exclusively during
A truncation radius close to the co-rotation one is also the reflares (due to solar constraints). In that case theruppe
the preferred scenario to explain the strong 1 Hz modula-limits on the spin frequency derivative were even more strin
tion observed during the 2000, 2002 and 2005 reflares ofgent: —1.1 x 10-Hzs ! < v < 4.4 x 10 “Hzs ! (95%
SAX J1808.4-3658 (Patruno et al. 20090; Wijnands 2003; confidence interval, see Table 4 in Hartman &t al. 2008).

van der Klis 2000). Recently, a similar modulation (1-5 Hz)  Episodic accretion might possibly have a role to explain
has been observed also du”ng the m.a|n outburst of the Zoo&vhy we do not see a Strong Spin down despite the Strong pro_
and 2011 outbursts (Bult & van der Klis 2014). In both cases peller since the angular momentum loss due to the centrifu-
an instability arising from a trapped disk(D’Angelo & Sprui - gal barrier might be (partially) compensated by the malteria
2010,12012] Spruit & Taarn 1993) has been proposed to betorque accreting onto the neutron star surface. However, to

at the origin of this phenomenon. Such a disk model hasdetermine the order of magnitude expected we can use the re-
also been discussed to explain a strikingly similar 1 Hz |tion:

modulation observed in another accreting millisecondaguuls . : 12

(NGC 6440 X-2; sek Patruno & D’Angélo 2013). It is not Jprop=—NMgj(GMrin)

possible to exclude that this variability might be related t — _n(r /207 1/2

propeller driven episodic accretion (e.gl, _Lii et al._2014) = ~N(Fin/Feo) ™ “Mej(GMreo) =, )

which, however, needs further investigation. whereri, is the inner disk radius and the dimensionless
torquen is zero forriy, = reo and of order unity fomi, 2

Constraintsfrom Coherent Pulsations. 11 re (Eksietal. [ 2005). Fomip =~ 1-2re and Mej =

Even if there are indications for the presence of a thin disk 10-10\  yr—1 we obtain a spin down of the order of a few

extending all the way down to the co-rotation radius, wé stil imes 10 14Hzs L. Such values are of the same order of mag-
do notknow whether we are in the presence of @ prop@Mer (it de as the upper limits placed in most of the outburses (se
or a trapped disk). Important indications can be given by - ¢ g [Hartman et 41. 2009 and Table 4 in Hartman &t al.2008).

. fares (up o the [ Oice ey~ 10_1OM. yr L deresfom th fct
P 9 P this is the approximate value required to produce X-ray fumi

sensitivity limit of RXTE of about a few 18'ergs?, see " : 1 which i :
Patruno et al. 2009b) and the presence of a blackbody in thenOSItIeS of a few times fergs ', which is the typical value

spectrum (down to luminosities of #ergs %, see Tablg]s) observed at the peak of the reflares. Since the materiaidalli

o yr-L
does indicate that some gas keeps falling onto the neutaon st g)r: tggtgg L;tri?]r] dsct)zavrnhaag Ot\c/)etﬁ t?]tel?naiﬁmurr?t)r/];t \;vtehggggi ect
surface during most of the reflares. Therefore accretiohen t P P P

: S . in this scenario. The constraints on the observations &st le
neutron star surface is not (completely) inhibited duriag r for the 2000 reflares) suggest that any spin down present in

flares, most likely at least not down ta10%%ergs™*. Thisis  gax 31808.4-3658 must be smaller than this minimal ex-
compatible with the recent findings of accretion powered pul nectedy value. However, given the uncertainties in the model
sations in two quiescent LMXB, where pulsations are seen atand the close value bet\;veen the expedtehd the observed

Lx ~ 10*ergs * (Archibald et all 2014; Papitto etlal. 2014), pper limits, this result should be taken more as a possible
so that accretion at these luminosities is not an unpre¢eden indication against the strong propeller rather than cosictu
occurrence. The presence of pulsations and a blackbody agyigence.

low luminosities imply that — if a strong propeller is curtign The lack of a detected spin-down can also be important to
operating (rather than a “trapped disk”) — sustained aisTet  n|5ce constraints on the trapped disk scendjo The sign
onto the neutron star surface is still ongoing. NumericalDAH  of the torque depends on whether the inner edge of the disk is
simulations show that during a strong propeller only a small jhside or outside the co-rotation region, and the ampliisde
portion of the mass flow (of the order of few percent, although roughly determined by the “critical accretion rateMe, the

the exact valuestrongly depends on the poorly constrained accretion rate at which the inner edge of the disk is equal to

coupling between the magnetic field and the plasma) actu-the co-rotation radius. In D’Angelo & Sprllit 2012 this was
ally reaches the neutron star surface (e.g., via episodi®ac  astimated as: " '

tion, [Lii et all 12014; Ustyugova et gl. 2006; Romanaova ét al. . nu?
2005) creating a boundary layer/hot-spot that gives rise to Mc = 20,75’ (4)
most of the observed X-ray luminosity. Therefore if a strong e
propeller is currently operating in SAX J1808-3658 we and corresponds toM; ~ 5 x 10 M. yr! for

should expect a very large mass outflow. SAX J1808.4-3658 (assuming a magnetic field of 8@).
Such large outflow of mass might have some further ob- The amplitude of the spin-up/spin-down torque is then
servational consequences. Indeed if the amount of matergyghly:

rial reaching the surface is truly only a very small fraction : .
9 y y y Je=M¢ (GM*rc)l/z (5)



12

which (assuming a moment of inertia of 6§ cn?) corre- (parametrized by the parameter) remains large through the
sponds to a spin change & ~ 10-1*Hz. For a mean out-  entire sequence of reflares. o
burst accretion rate dfl ~ 2 x 10°1% M, yr~1 this corre- So far little work has been done on reflares occurring in X-

sponds to a spin up rate ef (0.3-1) x 10 3Hzs L. For ray binaries and most theoretical work has focused on explai
the reflaring phenomenon observed in the dwarf novae pop-
ulation. However, regardless of the trigger (which might be
“of a different nature than outlined above), the reflares lshou
proceed in the same way: at the end of an outburst the temper-

the long-term average accretion rateMf~ 5 x 102 M,
yr~1 (i.e., averaged over an entire outburst/quiescence cy
cle), the spin-up from accretion is nearly balanced by spin-
down from the disk-magnetosphere coupling outsidend 5,16 2t some location in the outer disk falls below the hydro
more deﬁ“le‘j c?lculatlons predict a net spin downrafdef 4o jonization temperature, causing hydrogen to recombine
3) x 10 *"Hzs ~ (see also Figure 2 of D’Angelo & Spruit  and the accretion rate to fall dramatically as a ‘cooling &/av
for the propeller scenarig\) and indeed similar conclusions  the jrradiation or mass reservoir model, the density in fak d
can be drawn: the expected spin up/down from a trapped disksypsequently rises again enough to reach the hydrogemioniz
is too close to the existing measured upper limits to place ro tjon temperature and again send a new ‘heating’ wave through
bust constraints on the operating mechanism. , the disk, which causes the accretion rate to rise. Since ther
Finally, it is worth noticing that the lack of a spin-down s not a large amount of gas left in the accretion disk after th
during the outbursts might still be compatible with the main outburst, the accretion rate again decreases, ettt
scenarioC, where a thick hot flow is present up to a very gntire process.
large distance from the neutron star. In this case it might be |y \wz-Sae type systems, the reflares are observed after the
the sub-Keplerian nature of the hot flow itself that resuitai  gccurrence of a superoutburst, so called because its darati
very small amount of angular momentum transferred towardsjs mych larger than that of normal outbursts. In these system
the neutron star and thus in a lack of detected accretionit was proposed that a resonance occurs when the disk radius
torques. In Table 6 we summarize which of the observed exceeds the threshold of O#6vherea is the orbital semi-
properties can be explained by each of the models con5|dereq;haj0r axis. When this happens superhumps are expected to
here. develop [(Osaki 1989, 1996). Black hole candidates in X-ray
binaries displaying superhumps do not show outbursts ef var
- ied amplitudes| (Maccarore 2014) and SAX J1806&8858
4.2. The Origin of Reflares does follow the same behaviour. It is possible that both
Reflares are an important phenomenon to study becaus&AX J1808.4-3658 and those black hole candidates have
they are assumed to be generated by the ionization ingyabili shown only superoutbursts. Maccarone & Patruno (2013)
that drives dwarf novae and X-ray binary outbursts. There- suggested indeed that we do observe only super-outbursts
fore understanding why reflares are sometimes observed cafrom some LMXBs and superhumps should be detected if the
give important information about how the ionization ingkab  reflares in SAX J1808:43658 are a variant of those seen in
ity operates. Even more importantly, their observation can dwarf novae.
help testing the assumption that they are indeed genergted b |[Elebert et al.|(2009) reported weak evidence for the pres-
the ionization instability. ence of a superhump at optical wavelengths in SAX J1808.4—
Reflares are currently considered a problem for the disk 3658, which, if confirmed, might be an exciting observationa
instability model since they require that a large amount of diagnostic and might indicate the presence of an eccentric
matter is retained in the disk a the end of the main out- disk. However, the candidate superhump has been observed
burst (Arai et al.. 2009; Dubus etlal. 2001). The currently so far only once during the main 2008 outburst and it attends
best explanation (which qualitatively agrees with the obse further confirmation.
timescales and luminosity fluctuations) is that reflareseare Regardless of the presence of superoutbursts, this basic
sentially ‘mini-outbursts’. A small change in disk densitly hot/cold wave scenario can plausibly account for the reflare
the end of an outburst increases the outer disk temperaturén SAX J1808.4-3658. If the instability originates in the@u
enough to partially ionize hydrogen, which then leads to a part of the disk, the reflare rise time can be associated héth t
rapid rise in the accretion rate into the inner disk and a re-time it takes for the heating front to propagate from the pute
brightening. The exact trigger of the reflare is uncertain — edge of the disk to the central regions, which will happen on
they appear spontaneously in the simulations of Dubus et al.a thermal timescale:
(2001), although they do not resemble the observed reflares
and they are seen by Hameury €t al._(2000) where reflares tr ~rq/acs (6)
are caused by an increased irradiation of the donor star that ) ) )
causes a superoutburst (so called because their duration i¢hererg is the location of the outer edge of the disk= 0.1
much larger than that of normal outbursts) followed by re- i the Shakura-Sunyaev viscosity parameter, ends the
flares. The donor star in SAX J1808-:83658 is observed to ~ Sound speed at the inner edge of the heating front, where
be strongly irradiated during quiescentce (Homer Et al. [2001 T ~ 6500 K. For a 2-day rise timeg ~ 10'° cm, which
Burderi et al. 2003, _Campana et Al. 2004) and indeed thergs comparable to the circularization radius of the digk~
are suggestions that it is losing a large amount of mass0.46a~ 3 x 10'° cm (assumed to be the outer disk edge;
(di Salvo et al.. 2008; see however Patruno etal. 2012 andis the projected semi-major axis of the binary, for the @ibit
Hartman et all 2008 for criticisms of this strong mass loss period 7249s and assumed NS mass dfL,4nd donor com-
scenario in SAX J1808:43658). Another suggestion for panion of 007Mg).
the reflare trigger comes from the mass reservoir model of
Osaki et al.[(2001), where reflares are triggered also aiiter s 4.2.1. Constraints from Multiwavelength Photometry
peroutbursts as long as the effective viscosity of the disk
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Table 6
Models for the Geometric Configuration of the Accretion Flow
Model X-Ray Spectra  Spin-Down 1Hz QPO Weak Irradiation  X¢Reelay  NIR/Optical/UV Excess
Strong Propeller/A.) P P P ? Y Y
Trapped/Dead DiskR.) Y P P ? Y Y
Thick Hot Flow C.) N P N ? Y Y

The table compares observed properties of the to the vanmgels discussed if4. Y/N (yes/no) indicates that the model can/cannot
explain the property in SAX J1808-8658 . The symbdP (possible) indicates that the model might be able to expkerproperty if certain
conditions are met. The symb®indicates that the model makes no specific prediction fdrghgperty, and that further studies are required.

During the reflaring phase of the 2008 (and to some extentto explain the observed behaviour.
also 2005) outburst, we can place three constraints on the na On the other hand, if an outflow is present and a signifi-
ture of the accretion disk in SAX J1808-8658. The first  cant portion of mass is lost from the system then a strongly
constraint comes form the observationvegakirradiation as  over-luminous NIR/optical/UV emission is expected. Indee
witnessed by the small value Bf(see Section 312). This usu- if the material generating radiation is lost in the disk befo
ally suggests that the accretion disk is heated mostly by vis reaching the innermost regions then the X-rays will not be
cous dissipation rather than irradiation (see e.g., Russal. produced. This can explain the possible X-ray delay, as well
2006). The reason why irradiation is not the main contributo as our third important constraint: any multicolor-disk nabd
to the optical/UV flux emission remains an open question.  of a viscously heated accretion disk seems to modestly under
The second constraint comes from the observation of somepredict the optical luminosity observed for the measured X-
anti-correlations between X-ray and optical/NIR emission ray luminosity (see Sectidn 3.3). Since the optical emissio
(e.g., Figurd 2 on MJD 54746-54747 and MJD 54758 andis only over-predicted by a factor of a few with respect to
several data point in Figufé 3). As discussed in Sedtioh 3.1the X-ray flux (assuming a constant accretion rate through
there is a tentative X-ray delay of about 1.5 days with re- the disk) our results also exclude a very strong outflow in
spect to the NIR/optical emissigh The X-ray delay is a phe-  the disk. Such an outflow would expel the majority of gas
nomenon that has been already observed in other LMXBs al-before it radiated energy in X-rays, which would make the
though so far only in systems containing black holes. In somediscrepancy between optical and X-rays much larger. How-
systems (two of which are persistent sources) the optieal/X ever, it is still possible that some (not too strong) outflow
ray cross-correlations shows evidence for X-ray delays onof material is present in the system, which could be driven
the order of~5-20 days.[ Brocksopp etlal. (2001) found an either by a magnetospheric RIAF (like the strong propeller;
X-ray lag of 5-10 days from long-term optical and X-ray Ustyugova et &l. 2006) or by an accretion driven RIAF (like a
light-curves of the black hole binary LMC X-3 (a persis- Wwind;Blandford & Begelmah 1999), is present in the system.
tent source; see also Steiner étal. 2014 who measured this Finally, almost identical conclusions can be reached fer th
delay as 2 weeks). _Homan ef al. (2005) found an X-ray lag ScenaridB (trapped disk). In Figure_10 we compare the sur-
of 15-20 days compared to near-IR variations in the black face density profiles (times the kinetic viscosity) of a stan
hole LMXB GX 339-4 (a transient source). An X-ray lag of dard accretion disk and a trapped/dead disk. The extent of
2—14 days was observed in 4U 1957+11 (persistent) behindhe trapped disk region could be modest which means that
optical (Russell et al. 20110), whereas a 3.5 d X-ray time lag the largest majority of the accretion disk would still look
compared to UV was found in Swift J1910.2-0546 (a tran- and behave as a standard Shakura & Sunyaev accretion disk.
sient sourcel_Nakahira etlal. 2014). Such delays have beer his means that at large accretion rates the total disk profil
interpreted with a variety of models that propose that the would be observationally indistinguishable (in lumingsind
NIR/optical/UV emission originates from a jet, fromtheeut  spectral properties) from a Shakura & Sunyaev disk, despite
disk or even from the irradiated stellar surface. the presence of a small segment where the dead disk is still
In the case of SAX J1808-43658 we do not have suffi- present. Therefore identical considerations discusseteab
cient observational evidence to constrain the presencgedfa apply to this scenario too. We caution that the extent of the
during the reflares. Since the jet model (or an ADAF with region where the dead disk dominates strongly depends on
an outflow) cannot be constrained we will not consider it any the efficiency of the angular momentum extraction at the in-
further, although we stress that there is still no proof tzat ~ ner edge of the disk, a quantity that is currently poorly know
firmly exclude such scenario. Interpreting the reflares in terms of a specific physi-
If we consider a disk origin of the emission then we can cal model is hampered by the uncertain origin of the
assume that the NIR/optical/UV emission is coming from the UV/optical/NIR emission. Assuming that it is dominated by a
outermost disk regions. In this case by looking at Fidure 7 it Single physical component, the simplest explanation wbald
is clear that this emission is over-luminous with respethéo  that it originates in the outer parts of the accretion digtkes
X-rays luminosity. It is possible that, when the heatingntro  directly from viscous dissipation or as reprocessed eoissi
moves inward and reaches the inner disk regions, a larger flowfrom irradiation from the inner X-ray component. However,
of X-rays is produced which would correspond to the peak of as discussed in 3.3 and 4]1.1, we consider it unlikely to be
the reflares. However, the peaks are still too dim for the-opti reprocessed emission and its origin remains still to betiden
cal luminosity observed and therefore this scenario is lenab fied.

13 . . 5. CONCLUSIONS
We also note that duringome observationsf the 2000 outburst .
(sed Wachter et HI. 2000: Wijnards 2006) the optical luniip@sso did not In this paper we have analyzed the 2008 and 2005

correlate with the X-ray luminosity. reflaring phase of the accreting millisecond pulsar
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geometry can be substantially constrained by the occugren
We find that a disk extending down to the

of reflares.

We find that the accretion flow D'Angelo, C.R. & Spruit, H. C. 2010, MNRAS, 406, 1208
¢ D'Angelo, C. R. & Spruit, H. C. 2012, MNRAS, 420, 416

Deloye, C. J., Heinke, C. O., Taam, R. E., & Jonker, P. G. 2008RAS,
391, 1619

co-rotation radius and truncated by the neutron star magnet Di Salvo, T. & Burderi, L. 2003, A&A, 397, 723

sphere provides the most likely explanation for the acoreti

di Salvo, T., Burderi, L., Riggio, A., Papitto, A., & Menna,.NI. 2008,
MNRAS, 389, 1851

flow. We have found that the NIR/optical/lUV emission Dpubus, G., Hameury, J.-M., & Lasota, J.-P. 2001, A&A, 3731 25
during the reflares is over-luminous and cannot be explainedEksi K. Y., Herngquist, L., & Narayan, R. 2005, ApJ, 623, L41

Elebert, P., Reynolds, M. T., Callanan, P. J., et al. 200%\Ae-prints

by an irradiated accretion disk model if the mass accretion gjias 3’ 1’ Frogel, J. A.. Matthews, K., & Neugebauer, G, 87,

rate used is inferred from the observed X-ray luminosity. We
suggest that most of the NIR/optical/lUV emission come
from the outer disk and it is produced by viscous dissipation
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We propose that either a propeller with a

disk regions.
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