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The basic function of genulens is to simulate a large number of artificial microlensing events to-
ward a specified (I,b) direction by the Monte Carlo method based on the Galactic model developed by
Koshimoto, Baba, and Bennett (2021) [§] (hereafter K21), and to output the parameters. The output
parameter space can be confined with observational constraints. For an individual event analysis, for
example, this enables you to calculate a prior probability distribution of the lens-source relative proper
motion pe or of the microlens parallax 7rg to help the light curve modeling, or a posterior probability
distribution of the lens mass and distance. The Galactic model is optimized for the bulge direction, so
I do not recommend using it outside the box with |I| < 10° and [b| < 7°.

To use genulens, you need to specify input parameter values or options in the arguments. A simple
example is

(Example 1)

$./genulens Nsimu le+5 1 2.32 b -2.38 vEarthlb 1.10 -6.71 VERBOSITY 2 > tmp.dat

This simulates 10° (= Nsimu) artificial microlensing events toward the sky direction of (I,b) =
(2.32°,—2.38°). It uses the E+Ex model in K21 as the Galactic model by default. See Section [3HII for
how to use other K21’s models.

The output format can be specified by the parameter VERBOSITY, and Fig. [1| shows part of output
lines of example 1. With “VERBOSITY 2”, the output format is (from left to right):

wt; — Weight for jth line. You need to weight each line by wt; when you combine them to make a
probability distribution.

tg — The Einstein radius crossing time in days.
0r — The angular Einstein radius in mas.
me,N — Equatorial north component of the microlens parallax vector.
mE,E — Equatorial east component of the microlens parallax vector.
Dg — Distance to the source system in pc.
ps1hel — Galactic longitudinal component of the source proper motion in the heliocentric frame in mas/yr.
psbhnel — Galactic latitudinal component of the source proper motion in the heliocentric frame in mas/yr.

ig — Flag to indicate which component the source system belongs to. The components are:

@

Thin disk (0.00 - 0.15 Gyr)
Thin disk (0.15 - 1.00 Gyr)
Thin disk (1.00 - 2.00 Gyr)
Thin disk (2.00 - 3.00 Gyr)
Thin disk (3.00 - 5.00 Gyr)
Thin disk (5.00 - 7.00 Gyr)
Thin disk (7.00 - 10.00 Gyr)
Thick disk (12.0 Gyr)

Bulge (9 £ 1 Gyr)

Nuclear stellar disk (7 +1 Gyr)

i, — Flag to indicate which component the lens system belongs to.

frem — Flag to indicate evolutional stage of the lens.
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#---—— Output of Monte Carlo simulation w/ VERBOSITY= 2 and seed= 12304357 ———-————

wtj tE thetaE piEN piEE D_S muS1l muSb iS i
.311204e-01 8.867463e+01 2.155220e+00 2.604559e-01 1.447088e-01 7684 -2.85547e+00 -8.35105e-01
.527323e-01 2.111725e+01 2.750875e-01 -4.833142e-02 -3.759885e-02 7830 -4.34863e+00 1.52831e+00
.909375e-01 2.526433e+01 4.284750e-01 2.293688e-01 1.219214e-01 7347 -9.99769e+00 -1.35376e+00
.626148e-01 3.882209e+01 2.248820e-01 -6.430401le-02 1.037790e-02 8728 -6.96026e+00 4.84324e-01
.091324e-01 3.648309e+01 3.039429e-01 1.069403e-01 3.489738e-03 7984 -6.22343e+00 -3.31454e+00
.342576e-01 3.178166e+01 1.130069e+00 2.129238e-01 1.043155e-01 7600 -7.39566e+00 -2.76338e+00
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Figure 1: Part of the output lines of example 1 (top) and the probability distributions for each output
parameter (bottom).

0: Main sequence
1: White dwarf
2: Neutron star
3: Black hole

Note that frem can be > 0 only when the “REMNANT 1” or “onlyWD 1” option is added to the
argument, and can be > 1 only when the “REMNANT 1” option is added.

In example 1, the two values following vEarthlb are the galactic longitudinal and latitudinal compo-
nents of the Earth velocity projected onto the sky plane in km/sec. vEarthlb is important to calculate
the direction of 7rg, so you do not have to specify it when you are not interested in the microlens par-
allax, or only interested in its magnitude. Technically, vEarthlb affects tg value because it is used to
convert tg hel(= 08/ ftrelhel) iNtO tE(= OB/ firel geo). However, in most cases, the difference in the resulted
probability distributions of parameters other than the direction of the microlens parallax vector is very
small between when you specify vEarthlb and when you do not specify it.

The output parameters with “VERBOSITY 2” are sufficient to calculate other (perhaps more inter-
esting) microlensing parameters such as the lens mass and distance. Appendix |A| provides the formulae
for the conversion. Alternatively, you can just use “VERBOSITY 3” option to have the lens mass and
distance output if you are not struggling with low remaining storage on your machine (see Fig. [2|for the
output parameters by VERBOSITY 3).

1 Posterior Calculation

For an individual event analysis, tg is commonly measured, and fg is mostly measured for a caustic-
crossing event. A frequent situation is that you want to calculate the posterior probability distributions
for the lens mass and distance by incorporating these constraints from observed parameters into the
Galactic prior.

Let me use OGLE-2008-BLG-355 (Koshimoto et al. 2014 [9]) to show how to calculate a posterior
distribution with genulens. You have measured tg = 34.0 £+ 2.2 days and 0 = 0.28 + 0.03 mas for this
event occurred at (I,b) = (—0.08°, —3.45°).



#-——— Output of Monte Carlo simulation w/ VERBOSITY= 3 and seed= 12304357 ————————

# wtj ML DL DS t_E theta_E pi_E pi_EN pi_EE mu_rel mu_S1 mu_Sb I_L i
9.724454e-02 8.423310e-01 8168 8738 3.100447e+01 2.339905e-01 3.411010e-02 2.815129e-02 -1.926147e-02 2.756539e+00 -4.52379e+00 -1.19278e+00 99.000
1.044963e-01 3.017724e-01 6341 7709 3.546950e+01 2.622581e-01 1.067129e-01 3.227829e-02 1.017141e-01 2.700624e+00 —6.84210e+00 -1.25706e-01 99.000
5.004264e-02 1.734107e-01 4731 6695 3.685597e+01 2.959111e-01 2.095332e-01 -8.700607e-02 -1.906151e-01 2.932538e+00 1.96870e+00 -1.95394e+00 99.000
6.573759e-02 8.351269e-01 7599 8278 2.972452e+01 2.709699e-01 3.984154e-02 3.683099e-02 1.519298e-02 3.329633e+00 -8.31269e+00 1.23964e+00 99.000
2.052562e-01 3.810149e-01 7946 9556 2.740398e+01 2.564895e-01 8.265997e-02 2.862444e-02 7.754555e-02 3.418584e+00 -9.22005e+00 2.86893e+00 99.000
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Figure 2: Part of the output lines of example 2 (top) and the probability distributions for some parameters
(bottom). Note that the lens apparent magnitude in I-band, Ir,, only takes 99 unless the extinction value
for red clump centroid Ay .. is specified by AIrc.

1.1 Simple way: Independent Gaussian assumption

You can calculate the posterior probability distribution by

(Example 2)

$./genulens N1ikeMIN le+5 1 -0.08 b -3.45 tE 34.0 2.2 thetaE 0.28 0.03 VERBOSITY 3 > tmp.dat
when the lens is assumed to be a normal star (not a white dwarf)ﬂ Fig. 2 shows part of the output
lines (with VERBOSITY = 3) and the distribution for some parameters. The “VERBOSITY 3” option is
more redundant than “VERBOSITY 27, and it outputs My, Dy, TE, frel,geo, and Ir,, in addition to the
output parameters with VERBOSITY 2. In example 2, I do not specify vEarthlb assuming that we are
not interested in the direction of mg vector now.

The “tE [val] [err|” option multiplies a Gaussian probability of

val —p 2
err

L, =exp | —0.5 < (1)

by the Galactic prior by default, where p = tg in this case. When “UNIFORM 1” is added to the arguments,
it multiplies a uniform probability of

1 when |val — p| < err

L,= (2)

0 when |val —p| > err

by the Galactic prior. The same is true for the “thetaE [val] [err|” option but with p = 0.

In practice, when you add the tE and thetaE constraints, genulens generates many microlensing
events following the Galactic model, and outputs its parameters only if the condition “r < L; Lg,” is
true, where 7 is a random number generated from the uniform distribution between 0 and

Example 2 outputs ~ 10° (= N1ikeMIN) lines that passed the condition “r < L;,Lg,”, which means
the number of simulated events are much larger than N1ikeMIN. This is the difference between N1ikeMIN
and Nsimu used in example 1. If you use “Nsimu 1le+5” instead of “N1ikeMIN 1le+5” in example 2, it
would simulate 10° microlensing events, and would output parameters for small fraction of them that
passed the condition.

The “N1ikeMIN” option is useful, but you need to be careful when using it because you cannot easily
tell the amount of time it will take unlike the “Nsimu” optiorﬁ I recommend that you always check
the computational time with a small N1ikeMIN value before you try a calculation with a large

!The “onlyWD 1” option can be used to consider a white dwarf lens possibility. Maybe this is preferable now that a
planet around a white dwarf is discovered in the microlensing sensitive region (Blackman et al. 2021 [2]). Both example
calculations are given in genulens_samples.ipynb.

2Since version 1.2, an importance sampling method is used, and genulens only simulates events within val — ¢ % err <
p < val + c* err when “p [val] [err]” is specified (p = tg,0E, mg) to increase the acceptance ratio, where ¢ = 4 for
UNIFORM = 0 and ¢ = 1.02 for UNIFORM = 1. Although this new feature made the calculation faster up to ~15 times than
the previous version, you need to change the c¢ value if you want to simulate > 4 o outliers. See Section II—3 for detail.

3Since version 1.2, how long it will take is not easily predictable even with the “Nsimu” option due to the new importance
sampling function.


https://github.com/nkoshimoto/genulens/blob/main/genulens_samples.ipynb

N1ikeMIN value, because the computational time with a certain N1ikeMIN value totally depends on the
constraints you used for tE, thetaE, or other parameters (see Section [2| for some notes on computation
time). In the case of example 2, it takes ~ 13 secs with my laptop to simulate ~ 1.6 x 10° events and
accept ~ 10° events out of them.

1.2 More rigorous way: Incorporation of parameter distribution from light curve
modeling

In example 2, I incorporated the measured tg and 0 values assuming they are independent Gaussian
distributions. This assumption mostly works for events with good measurements for the parameters
that you want to incorporate with the Galactic prior (i.e., tg and 0 for OGLE-2008-BLG-355). The
assumption becomes not good if there is a non-negligible correlation among the parameters, or the
parameter distribution is heavily skewed. So, ideally, we want to convolve the Galactic prior with a
parameter distribution from light curve modeling.

Currently, genulens only supports incorporation of the observed constraints in either a Gaussian
probability form (Eq. or a uniform probability form (Eq. , and cannot directly incorporate the
parameter distribution from your light curve analysis like MCMC.

An alternative way, in the case of OGLE-2008-BL.G-355, is to conduct a similar calculation to example
2, but with the “UNIFORM 1” option and larger error bars for tg and 6g, e.g.,

(Example 3)

$./genulens NlikeMIN le+6 1 -0.08 b -3.45 tE 34.0 9.0 thetaE 0.28 0.12 VERBOSITY 2

UNIFORM 1 > tmp.dat
The error bars should be taken so that it covers major parameter space. Note that “N1ikeMIN 1le+6”
is probably too small to have a good resolution. See sample 2 of jgenulens_samples.ipynb for the case of
OGLE-2018-BLG-1185 (Kondo et al. 2021 [7]).

Separately, you should be able to calculate a joint probability distribution of ¢ty and 0g, PLc(tg,0k),
from your light curve analysis. By multiplying Prc(tg,fr) by wt; in each line of the output of example
3, you can calculate a posterior probability distribution for ¢tg and g (and other output parameters)
including the correlation between tg and fg, and non-Gaussian shape of them.

This is just my idea to incorporate it, and maybe there is a better way. Please let me know if you
find a better idea.

2 Notes on computation time

Computation time could be an issue with the calculation using genulens. As introduced in Section
you can put constraints on wg, pg, I, similarly to tg and 6g. However, the computation time to
obtain sufficient statistics for the posterior distribution will very easily increase when more parameters
are used for constraints and/or when very small error bars are specified. This was much improved
since the introduction of the importance sampling method in version 1.2, but still the computation time
increases quickly when tg is very large, or when adding 2-dimensional parallax limits, etc. See sample 4
of genulens_samples.ipynb as an example of a time consuming calculation.

Some people may not like this, but I often specify a larger error value to the extent that it does
not affect the result. In particular, since ¢ty has a relatively low sensitivity to the lens property, even
when tg is measured with an error of 1%, I often increase the error to about 5% to reduce calculation
time. In my experience, this has never affected the resulted posterior distribution. Also, using a 1D
parallax constraint instead of a 2D parallax constraint sometimes works well as is done in sample 4 of
genulens_samples.ipynb.

If you find that your desired calculation would take too long as a result of a short trial run, you can
divide the calculation into multiple runs with different random seed values using the seed option. For
example, you can run
$./genulens [options for calculation| seed 1 > tmpl.dat

$./genulens [options for calculation| seed 2 > tmp2.dat

$./genulens [options for calculation| seed 50 > tmp50.dat
in parallel if you have sufficient cores in your machine(s), and combine the output files to make a posterior
probability distribution.

3 Input Parameters

Here I explain keywords for input parameters you might find useful. The default values are used when
you do not specify the argument.

I. Parameters to put observational constraints
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1. Event coordinate

Event coordinate must be given in the galactic coordinate system.

— 1 [double] (deg., default: 1.0) :
Galactic longitude.
— b [double] (deg., default: -3.9) :
Galactic latitude.
ex.) $./genulens 1 3.0 b -3.0 VERBOSITY 3 > tmp.dat

2. For conversion between the heliocentric and the geocentric frames

For calculation of mg x and 7gr (and technically firel geo and tg = 05/ irel geo), the Earth velocity
projected onto the sky plane toward (I,b) at the reference time for the geocentric coordinate (e.g.,
event peak time) must be given in either the galactic or equatorial coordinate system.

— vEarthlb [double] [doublel (km/s, default: 11.9392, -17.9020) :
Galactic longitudinal and latitudinal components of the projected Earth velocity.

ex.) $./genulens 1 2.32 b -2.38 vEarthlb 1.10 -6.71 VERBOSITY 3 > tmp.dat

— vEarthEN [double] [double] (km/s, default: 0, 0) :
Equatorial east and north components of the projected Earth velocity.

ex.) $./genulens 1 2.32 b -2.38 vEarthEN 6.37 -2.37 VERBOSITY 3 > tmp.dat

3. For source distance distribution

3.1. When eatinction (Aryc) is given

The number of source stars in the magnitude range Ismin t0 Is max and the distance range
Dg to Dg + dDyg is

IS,max
dNs o n(Dg)D§ st/ L, (Is — Ar(Ds) — 5log[Ds /10 pe])dIs, (3)

IS,min

where L, (M) is the luminosity function for the I-band absolute magnitude.

If mean extinction for the red clump (RC) toward the sky direction, Ay ., is given, genulens
calculates Eq. for the Dg distribution using the PARSEC isochrone model [3, 4} [I7] for
L, (M) and

1 — exp[—Ds/(hdust/ sin |b])]
1 — exp[—Drc/(hdust/ sin |b])]’

where hgust 1S the dust scale height and Dgc is the mean RC distance. Related parameters
are given by

— AIrc [double] (default: 0) :
Mean RC extinction in the target field in I-band, As .. It can be taken from the OGLE-
IIT extinction map [12].

— Isrange [double] [double] (default: 14.0, 21.0) :

Is min and Is max in Eq. . The default range corresponds to the OGLE-IV survey
sensitivity [10]. The range can be taken from the Is measurement. In such a case, make
sure to take the Ig i, and Is max range conservatively to account for all the uncertainties
of (a) the source flux measurement from the light curve modeling, (b) calibration to the
standard (Cousins I) magnitude system, (c) the extinction (not only the Aj .. measure-
ment, but also the A;(Dg) model), and (d) the isochrone model, because none of them
is considered in other places in the calculation.

— hdust [doublel (pc, default: 164.0) :
Dust scale height, hgust. Default is 164 pc taken from Nataf et al. (2013) [12]. K21 used
the default value in their fit, so changing this is not highly recommended without a strong
reason.

— DMrc [double] (default: 14.3955 —0.02397 + 0.0122|b| 4 0.128) :
Mean distance modulus for the RC, DM,.. The mean distance Drc in Eq. is given by
Drc = 101102PMie he DM, can be taken from the ; value in the OGLE-III extinction
map [12]. The default formula is from Eqgs. (2) - (3) of Nataf et al. (2016) [L1].

Ar(Ds) = Arre (4)



ex.) In the MB14472 analysis (Ranc et al. 2021 [13]), we have Ig = 15.8 £ 0.2 mag and
Afre = 1.301‘8:35 mag. The combined error in quadrature is ~ 0.32. So, I conservatively
took the range for Isrange with 15.8£0.4 mag and run the following to have the Galactic
prior for yu (because the finite source effect was weak);
$./genulens NlikeMIN 1le+6 1 2.32 b -2.38 vEarthlb 1.10 -6.71 tE 14.6 0.8

Isrange 15.4 16.2 AIrc 1.3 DMrc 14.479 VERBOSITY 3 > tmp.dat

You can add the constraints from the (V' —I')g measurement in addition to the Ig measurement.

— EVIrc [double] (default: 0) :
Mean RC reddening in the target field, E(V —I),., which can be taken from the OGLE-III
extinction map [12].

— VIsrange [double] [double] (default: 0.0, 0.0) :
(V' —I)g range considered. This can be determined based on the (V' — I)g measurement
from the light curve modeling. Similarly to the Isrange case, the (V — I)g range should
be taken conservatively.

ex.) In the OB181185 analysis (Kondo et al. 2021 [7]), we have Is = 20.082 4+ 0.012 mag,

(V —1I)s =2.34+0.03 mag, Ar,c = 1.96 £ 0.05 mag, and E(V —I) = 1.66 & 0.07 mag.
I conservatively took 20.1 £ 0.3 mag for Isrange and 2.34 + 0.10 mag for VIsrange and
run the following (50 times in parallel with different seed values) to have the Galactic
prior to be combined with the MCMC result
$./genulens N1likeMIN le+6 1 2.47 b -2.00 vEarthlb -24.4 13.1 AIrc 1.96

Isrange 19.8 20.4 EVIrc 1.66 VIsrange 2.24 2.44 DMrc 14.47 tE 16.0 0.5

thetaE 0.207 0.05 UNIFORM 1 SMALLGAMMA 1 VERBOSITY 2 seed 1 > tmp.dat
The results are seen in sample 2 of genulens_samples.ipynbl

3.2. When eatinction (Ar,c) is NOT given
Eq. is often simplified by

dNs o n(Ds)DY dDs, (5)

assuming the integration of Ly, in Eq. is o Dglfz (or oc 100-22=7)Mu) [g].
When Ay, is not given, genulens uses Eq. for the Dg distribution and the slope v can
be specified by

— gammaDs [double] (default: 0.5) :
7" in Eq. (§). A reasonable range is —1 </ < 1 [6]. For example, Bennett et al. (2014)
[1] uses the default value of 4/ = 0.50, Sumi et al. (2011) [I6] uses v’ = 0, and Zhu et al.
(2017) [19] uses v/ = —0.85. Zhu et al. (2017) [I9] demonstrated that one’s choice of 7/
value has little impact on distance estimates for the lens and sourcd’]

ex.) $./genulens 1 3.0 b -3.0 gammaDs 0.0 VERBOSITY 3 > tmp.dat

In my experience, the Dg distribution with v = 0.5 is reasonably similar to the one using an
Ap re value and Is min = 14 and Ig max = 21. This should depends on the Aj ;. value, though.
So I would use the Ay .. option whenever it is available.

4. For likelihood calculation

When observed values for a parameter set p is specified, genulens outputs only jth event that
satisfies [[, £, < r; out of the simulated events, where £,, is given by Eq. or and r; is a
random number generated from the uniform distribution between 0 and 1.

— tE [double] [double] (days, default: 54.5, 99999999999.0) :

Observed Einstein radius crossing time, tg, value and its error. Used for L, calculation.
Since version 1.2, only events with val — ¢ x err < tg < val + ¢ * err are simulated when tE
[vall [err] is given, where ¢ = 4 for UNIFORM = 0 and ¢ = 1.02 for UNIFORM = 1 by default,
and ¢ can be specified by fIStE.

— thetaE [double] [double] (mas, default: 0, 0) :
Observed angular Einstein radius, 0, value and its error. Used for Lg, calculation. Since
version 1.2, only events with val — ¢ x err < 0 < val + ¢ * err are simulated when thetaE
[val] [err] is given, where ¢ = 4 for UNIFORM = 0 and ¢ = 1.02 for UNIFORM = 1 by default,
and ¢ can be specified by fISthetaE.
ex.) $./genulens NlikeMIN le+4 1 -0.08 b -3.45 tE 34.0 2.2 thetaE 0.28 0.03

VERBOSITY 3 > tmp.dat

4 Note that Zhu et al. (2017) use a different parameter ~, which is related to 4’ in this document as v = 2 —+’. T have
denoted «' to avoid confusion with their ~.
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— piE [double] [double] (default: 0, 0) :
Observed microlens parallax, mg, value and its error. Used for L, calculation. Since version
1.2, only events with val —c*err < mg < val+cx*err are simulated when piE [val] [err]
is given, where ¢ = 4 for UNIFORM = 0 and ¢ = 1.02 for UNIFORM = 1 by default, and ¢ can be
specified by fISpiE.

— piEN [double] [double] (default: 0, 0) :

Observed north component of microlens parallax vector, mg N, value and its error. Used for
Ly, « calculation.

— piEE [double] [double] (default: 0, 0) :
Observed east component of microlens parallax vector, mg g, value and its error. Used for

Ly, calculation.

ex.) $./genulens N1ikeMIN 1000 1 -0.2 b -1.7 vEarthlb -1.19 8.71 tE 80.9 2.0
piEN 0.11 0.02 piEE 0.14 0.01 VERBOSITY 3 > tmp.dat

— musl [double] [double] (mas/yr, default: 0, 0) :

Observed galactic longitudinal component of source proper motion in the heliocentric coordi-
nate, ug, value and its error. Used for £, calculation.

— musb [double] [double] (mas/yr, default: 0, 0) :

Observed galactic latitudinal component of source proper motion in the heliocentric coordi-

nate, ug 1, value and its error. Used for £, , calculation.

— musN [double] [double] (mas/yr, default: 0, 0) :

Observed equatorial north component of source proper motion in the heliocentric coordinate,

ps,N, value and its error. Used for £ calculation.

HS,N
— musE [double] [double] (mas/yr, default: 0, 0) :

Observed equatorial east component of source proper motion in the heliocentric coordinate,

ps,E, value and its error. Used for £, ;, calculation.

ex.) $./genulens N1likeMIN 1000 1 -1.2 b -2.3 vEarthlb 15.0 -24.1 tE 11.4 0.2
thetaE 0.237 0.024 musE -3.7 0.5 musN -10.4 0.4 VERBOSITY 2 > tmp.dat

— musRCG [int] (default: 0) :

If 1, a given ug vector is considered to be relative to the mean RC proper motion, where RC
stars are assumed to have mean velocity of 0 at the mean distance Dgc.

ex.) Shvartzvald et al. (2019) [I4] measured the source proper motion (us N, #sg) = (—5.10, —3.15)+
(0.46,0.44) mas/yr relative to the red clump giants. A probability distribution of, e.g.,
(TE N, TE,E), based on the Galactic model can be calculated by
$./genulens N1likeMIN le+5 1 0.69 b 2.01 vEarthlb -24.9 14.8 tE 14.9 1.1

thetaE 0.14 0.02 musE -3.15 0.44 musN -5.10 0.46 musRCG 1 VERBOSITY 2 > tmp.dat

— [pnameldet [int] (default: 2 for [pname] = IL, O for others) :

Parameter to consider an upper/lower limit constraint for a parameter p. p can be tg, 0,
7g, or I, for [pname] = tE, thetaE, piE, or IL, respectively.
[pname]det = 1 is the upper limit option, and the likelihood is given by

exp (—0.5 (Vi;p)Q) when p > val
1 when p < val |

L, = (6)
where val and err are the values specified by a “[pname] [val] [err]” argument.

Similarly, [pname]det = 2 is the lower limit option (and default for p = I1,), and the likelihood
is given by

_ val—p 2
c, = {exp ( 0.5 (Trx ) ) when p < val 7)

1 when p > val.

[pname]det = 0 is the detection option (and default for p = tg, 0, and 7g), and the likelihood
is given by Eq. or Eq. .
ex.) Dong et al. (2009) [5] measured the 30 lower limit of g > 0.60 mas for OB05071.
$./genulens N1ikeMIN 5e+4 1 -4.42 b -3.79 tE 68.1 1.2 thetaE 0.600 0.001

thetaEdet 2 VERBOSITY 2 > tmp.dat
where the error 0.001 is an arbitrarily chosen small value so that 6g > 0.6 mas is rarely
accepted. (So this is not a 3¢ limit but a hard limit at 0.6 mas.)



— IL [double] [double] (mag, default: 14.0, 0.01 with ILdet = 2) :

Observed lens magnitude in I-band. Used for Ly, calculation. You have to input an Ay ..
value to use this option. By default, a lower limit of Iy, > 14.0 is applied when an Ay, is
given assuming a star brighter than 14.0 mag in /-band should be saturated and undetectable.
Note that the lens magnitude I1, is calculated using an empirical mass-luminosity relation for
a main-sequence star. So this does not work when the lens is a giant star.

ex.) Wyrzykowski et al. (2016) [18] discovered a black-hole candidate OGLE3-ULENS-PAR-02
and put a lower limit on the lens /-band magnitude of I;, > 17.7 mag based on their mea-
surement of the blend magnitude. A lens mass posterior can be calculated by
$./genulens N1ikeMIN 1000 1 1.45 b -2.13 vEarthlb -13.2 19.7 tE 288.8 20.0

piEN -0.033 0.004 piEE -0.073 0.004 AIrc 1.42 DMrc 14.5 IL 17.7 0.01 ILdet 2

REMNANT 1 SMALLGAMMA 1 VERBOSITY 3 > tmp.dat

— UNIFORM [int] (default: 0) :
If 1, the likelihood for a parameter p, £,, is given by Eq. . If 0, £, is given by Eq. .
See section [I.2] for when this might be useful.

ex.) In the OB181185 analysis (Kondo et al. 2021 [7]), which was also introduced above in the
description of VIsrange, we wanted to convolve the Galactic prior with the probability
distribution resulted from the MCMC on the light curve. Following the idea described
in section we took the error range for tg and g largely enough (~ 50) and run the
following (50 times in parallel with different seed values)
$./genulens N1ikeMIN le+6 1 2.47 b -2.00 vEarthlb -24.4 13.1 AIrc 1.96

Isrange 19.8 20.4 EVIrc 1.66 VIsrange 2.24 2.44 DMrc 14.47 tE 16.0 0.5
thetaE 0.207 0.050 UNIFORM 1 SMALLGAMMA 1 VERBOSITY 2 seed 1 > tmp.dat

II. Parameters to control the simulation

There are three categories of events handled in the Monte Carlo simulation by genulens: “generated
events”, “simulated events”, and “accepted events’ﬂ In each trial of the Monte Carlo simulation,
genulens at first randomly generates a microlensing event (i.e., one source-lens pair) based on the
mass function, density distribution, and velocity distribution. The event rate I' is calculated for the
“generated event” to decide whether or not to consider this as a “simulated event” (see the description
of SMALLGAMMA below for details of this decision). If it does, the simulated event’s parameters are next
compared with the input observational constraints for a parameter set p. If it meets the likelihood
condition [[, £,, < r (r is a random number between 0 and 1), it is finally considered as an “accepted
event”, and its parameters are printed if VERBOSITY is not 0. Note that if you use no observational
constraint, the number of simulated events equals to the number of accepted events.

1. Simulation length

You can use Nsimu or N1ikeMIN to control the simulation length.

— Nsimu [long] (default: 100000) :
Number of simulated events you wish to have. The simulation ends when the number of
simulated events reaches Nsimu unless the number of accepted events is less than N1ikeMIN
at that time.

ex.) $./genulens Nsimu le+5 tE 34.0 2.2 thetaE 0.28 0.03 VERBOSITY 3 > tmp.dat

— N1ikeMIN [long] (default: 0) :
Minimum number of accepted events. The simulation ends as soon as the number of accepted
events gets > N1ikeMIN after the number of simulated events reaches Nsimu. Again, I recom-
mend that you always check the computation time with a small N1ikeMIN value before you
try a large N1ikeMIN value.

ex.) $./genulens N1ikeMIN le+5 tE 34.0 2.2 thetaE 0.28 0.03 VERBOSITY 3 > tmp.dat

2. For events with small lensing probability

SMALLGAMMA controls the condition for a “generated event” to be considered as a “simulated event”.

— SMALLGAMMA [int] (default: 0) :
If 0 (default), the event rate I' = C'D? 0 puye1 is calculated for each generated event, where C
is an arbitrarily determined constant’| to limit I' < 1. When a generated event satisfies r < T,
it is considered as a simulated event, where r is a random number between 0 and 1.

5This terminology is introduced just to describe the options in this part, and might not consistent through this document.
5C=1.6x10"8is currently used with Dy, in pc, 6 in mas, and pre in mas/yr.



If 1, all generated events are considered as simulated events. This will include events with
extremely small lensing probabilities. So this option is useful to calculate Galactic priors for
events with parameters that seem unlikely, or to restrict parameter space that is only loosely
constrained by observation alone.

The output parameter wt; differs depending on the SMALLGAMMA value, and it is given by

(8)

. wtrg X max(1,I')  when SMALLGAMMA = 0
wt; =
wtig x I’ when SMALLGAMMA = 1,

where max(a, b) takes a larger value among a and b, and wtig is an weight originated from
the importance sampling introduced in version 1.2.

Note that the SMALLGAMMA = 1 option requires a larger N1ikeMIN or Nsimu value to have the
same resolution of the probability distribution as the SMALLGAMMA = 0 option.

ex.) Again in the OB181185 analysis (Kondo et al. 2021 [7]), which was also introduced above
in the descriptions of VIsrange and UNIFORM, we wanted to quantitatively calculate the
Galactic prior probability distribution of (7g N, 7gE) over a wide area of the parameter
space, including very low probability parts, to compare it with what preferred from the
ground-based and Spitzer light curves. So I used the SMALLGAMMA option and run the
following (50 times in parallel with different seed values)
$./genulens N1ikeMIN le+6 1 2.47 b -2.00 vEarthlb -24.4 13.1 AIrc 1.96

Isrange 19.8 20.4 EVIrc 1.66 VIsrange 2.24 2.44 DMrc 14.47 tE 16.0 0.5

thetaE 0.207 0.05 UNIFORM 1 SMALLGAMMA 1 VERBOSITY 2 seed 1 > tmp.dat
See Fig. 5 in Kondo et al. (2021) [7] for a result how this worked.

3. For simulated parameter range

Since genulens version 1.2, an importance sampling method is used to increase the acceptance
ratio of the Monte Carlo simulation. When “p [val] [err]” is specified, genulens only simulates
events within val —cxerr < p < val+cx*err (p =tpg,0p, 7p). This constant ¢ can be specified
by

— fIS[pname] [double] (default: 4 for UNIFORM = 0, 1.02 for UNIFORM = 1) :
The constant ¢ for a parameter p. p can be tg, 0, or ng for [pname] = tE, thetaE, or piE.

You can omit this new feature by
— NOIS [int] (default: 0) :
If 1, do not limit the simulated parameters within val — ¢ *x err < p < val + ¢ * err, which

is the same as the previous versions’ algorithm.

4. For parallel/independent simulations

Please make sure to use different seed values for parallel or independent runs.

— seed [long] (default: 12304357) :
Random seed value (must be positive integers).

ex.) $./genulens VERBOSITY 3 seed 4 > tmp4.dat &
$./genulens VERBOSITY 3 seed 5 > tmpb5.dat &

5. For remnant possibility

One of the output parameters, frem, is the flag to specify the type of lens. By default, it only
takes frem = 0, which indicates a normal star. You can allow frmy to be > 0 and consider a
possibility of remnant lens by the REMNANT or onlyWD option.

— REMNANT [int] (default: 0) :
If 1, the lens is allowed to be not only a normal star (frgm = 0), but also a remnant, i.e.,
a white dwarf (frgm = 1), a neutron star (frem = 2), or a black hole (frem = 3). These
are simulated by combining the initial mass function and the initial-final mass relationships.
See section 2.1 in the K21 paper and references therein for the initial-final mass relationships
used.

ex.) REMNANT option can be used for an analysis of a black-hole lens candidate. Here is an
example for a black-hole candidate OGLE3-ULENS-PAR-02 (Wyrzykowski et al. 2016
[18]), which is also introduced for the IL option,



$./genulens N1ikeMIN 1000 1 1.45 b -2.13 vEarthlb -13.2 19.7 tE 288.8 20.0
piEN -0.033 0.004 piEE -0.073 0.004 AIrc 1.42 DMrc 14.5 IL 17.7 0.01 ILdet 2

REMNANT 1 SMALLGAMMA 1 VERBOSITY 3 > tmp.dat
Sample 4 of genulens_samples.ipynb| describes analysis for this event.
— onlyWD [int] (default: 0) :
If 1, the lens is allowed to be not only a normal star (frem = 0), but also a white dwarf
(frEm = 1). This is an option prepared for a planetary event analysis because in the current
knowledge, a neutron star or black hole host is unlikely whereas a normal star or white dwarf
host is likely. Now that a planet around a white dwarf is discovered in the microlensing
sensitive region (Blackman et al. 2021 [2]), you might want to use this option for an analysis
of a planetary microlensing event unless the lens is confirmed to be luminous.

ex.) If you want to consider a white dwarf host possibility, example 2 in section would be
$./genulens N1ikeMIN le+5 1 -0.08 b -3.45 tE 34.0 2.2 thetaE 0.28 0.03

onlyWD 1 VERBOSITY 3 > tmp.dat
and a sharp peak of the white dwarf population would appear around ~ 0.52 Mg, in the
lens mass probability distribution. Note that if you do like this, you will implicitly as-
sume that the planet-hosting probability for white dwarfs is the same for the normal stars’.

6. For output parameters

You can change the output parameters for each event by VERBOSITY.

— VERBOSITY [int] (default: 0) :
VERBOSITY = 0 does not output parameters of each event, and only show the header and footer
part. Among non-zero VERBOSITY, VERBOSITY = 2 and VERBOSITY = 3 are currently active
and practical. See Figs. [1| and [2| for what parameters are outputted with VERBOSITY = 2 and
3, respectively. Other values are for development purposes only and are not recommended for
use, even if they are implemented in the program. (VERBOSITY = 1 is NOT active due to a
historical reason...)
Again, you can calculate all the parameters outputted with VERBOSITY = 3 from the param-
eters outputted with VERBOSITY = 2, except for I1,. See Appendix [A] for the conversion.
ex.) $./genulens VERBOSITY 2 > tmp2.dat &

$./genulens VERBOSITY 3 > tmp3.dat &

7. For optical depth and event rate

This is not very related to the main function of genulens, but you can calculate the optical depth
and event rate toward the input direction by CALCTAU.

— CALCTAU [int] (default: 0) :

With CALCTAU = 1, genulens calculates the optical depth 7 toward the input (I, b) direction
for Is min < Is < Ismax- Here, Is ymin and Is max are the ones given by the Isrange option,
and you need to input the extinction value by the AIrc option as well. Then, genulens takes
the mean of tg for the “generated events” in the Monte Carlo simulation and calculate the
mean tg value, (tg). After the simulation, the event rate is calculated by 27/(w (tg)). The
calculated values are shown in a line starting from “# avetE= ” in the footer part. Make
sure not to use a too small Nsimu value to guarantee a certain degree of accuracy of the event
rate calculation (or (tg)).

ex.) Optical depth and event rate toward the central coordinate of the OGLE-IV BLG511

field are calculated by
$./genulens 1 3.28 b -2.52 Isrange 14.0 21.0 AIrc 1.77 REMNANT 1

CALCTAU 1 |grep avetE=
This returns a line starting from
# avetE= 25.800 days, medtE= 17.008 days, tau= 1.424360e-06 ,
and you see the optical depth is ~ 1.42x 1076 and the event rate is ~ 1.28x107° star~'year™
or ~ 124 deg.~?year—!. These values are moderately agree with the ones for the BLG511
field by Mréz et al. (2019) [10], (1.43 4+ 0.15) x 1075, (1.35 4 0.10) x 10~° star~!year—1,
and 113.9 + 8.1 deg. " 2year™!, respectively. Note that the model calculation is for the one
input direction, and ignored the bumpy extinction distribution in the bulge field.

1

II1I. Parameters for Galactic model

Although there are many parameters implemented in genulens that enable you to modify the Galac-
tic model, I do not recommend changing them as they can easily skew the K21 fitting results. However,
if you are interested in planetary mass object population or systematic errors due to model selection,
the parameters described here may be changeable without ruining the K21’s results.
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https://github.com/nkoshimoto/genulens/blob/main/genulens_samples.ipynb

1. Model choice from the four K21 models

K21 presented four models with different functional forms for the bulge profile. The default model
is the E+Ex model, that showed the lowest Y2, value in the paper.

If you want to try another model, e.g., to see systematic error due to the model selection, you can
use one of the following options to specify the model.
— E_fg0 [int] (default: 0) :
If 1, use the E model in K21.

— G_fg0 [int] (default: 0) :
If 1, use the G model in K21.

— EXE_fg0 [int] (default: 0) :
If 1, use the E+Ex model in K21.

— GXG_fg0 [int] (default: 0) :
If 1, use the G+Gx model in K21.

ex.) $./genulens 1 3.0 b -3.0 G_fg0 1 VERBOSITY 3 > tmp.dat

2. Planetary mass region of IMF

genulens uses an initial mass function (IMF) of a broken power-law given by

Mt when My < M < 120 Mg
dN M2 when 0.08 Mg < M < M;
dM M®  when M3 < M < 0.08 Mg,

M*  when M; <M < Ms .

Any of the break masses or slopes can be changed, but it is not recommended to change them
because the agreement with the data fitted by K21 would be messed up. However, the following
three parameters for planetary mass region could be changed without corrupting the fitting result
because their influence on the fit is small;

— M3 [double] (Mg, default: 0.01) :
Break mass between a3 and ay. Must be smaller than 0.08 My, and < 0.01M is recom-
mended not to corrupt the fit result in K21.

— M1 [double] (Mg, default: 0.001) :
Minimum cutoff mass of the mass function.

— alpha4 [double] (default: ag) :
Slope for M; < M < Ms. Default is as, the slope for brown dwarf mass range. (a3 = —0.176
for the E+Ex model.)

So, when you want to apply, e.g., a steep slope oy = —2.0 between 1075M and 0.001M, to
consider a posterior distribution for an event with a short timescale of tg = 0.50 + 0.05 days
toward (I,b) = (3.0, —3.0), run

ex.) $./genulens 1 3.0 b -3.0 N1ikeMIN le+4 VERBOSITY 3 M1l 1e-06 M3 0.001
alpha4 -2.0 tE 0.50 0.05 > tmp.dat

IV. Parameters for Galactic Central region

It turned out that there is a demand on the Galactic Central (GC) region after the K21 analysis. The
following NSD and CenSgrA options were added after the K21 analysis to apply genulens (and genstars,
a star version of genulens) to the GC region. These are applied by default and affect when |b| < 0.5°.
Note that the K21 analysis was not motivated to apply the model to the GC region and any fit to real
data in the GC region is not conducted. Particularly, the nuclear star cluster (NSC), which dominates
the central ~ 0.1° x 0.1° region, is not yet included. Nevertheless, I have confirmed that star number
prediction in the GC region works reasonably well there by comparing with the GALACTICNUCLEUS
data.

— NSD [int] (default: if (|I] < 5° A|b] < 2°) 1; else 0) :
If 1, add a nuclear stellar disk component based on Sormani et al. (2022) [15] to the K21 model.

— CenSgrA [int] (default: 1) :
If 1, locate the Galactic Center at the Sgr A* position, (I,b, D) = (—0.056°, —0.046°, 8160 pc).
If 0, locate the Galactic Center at (I,b, D) = (0°,0°,8160 pc).
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A Formulae for Conversion

The following summarizes formulae to convert the output parameters with VERBOSITY = 2 into other
common parameters used in microlensing studies. PA is the position angle between the equatorial east
direction and the galactic longitudinal direction on the sky plane toward (I,b), which is given in the
header part of a genulens output. Note that most parameters are outputted if you use VERBOSITY = 3.

TR = \/w%vN -+ W%E (10)

g —1
M, = — = 8.144 M 11
L= 2 (o= 8140 mas M) (1)
AU
Dy = 12
L TeOE + AU/DS ( )
O TR
Hrel,geo = gTE (13)
[t B (o) »
Hrel,geo,E g e \TE,E
or (Nrel,geo,b) _ <C.OS PA  —sin PA) (Mrel,geo,N> (15)
Hrel, geo,l sin PA cos PA Hrel geo, B
TR OR
Hrel hel = HMrel,geo + WUEB,L (16)
M1, hel = Hrelhel T M8 hel (17)
vy, 1 = DL Prelhel + Vo, L (18)
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